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Abstract
Although Australia is free from highly pathogenic avian influenza (HPAI),
incursions of this disease have the potential to have severe impacts on animal
welfare and cause substantial economic losses for Australia’s commercial poultry
industries. Australia has experienced five epidemics of HPAI between 1976 and
1997, and has detailed contingency plans for this disease, but the potential
consequences and effectiveness of different control and eradication strategies
under Australian conditions are not well understood. Epidemiological modelling
is a tool that can be used to combine available information on infection dynamics
from field and experimental studies with expert opinion to gain insights into
disease transmission and control. This thesis describes the application of
modelling tools to study the spread of HPAI within and between farms. In
particular, it describes the development, verification, validation, sensitivity
analysis and evaluation of a spatial, stochastic simulation model, called
AISPREAD, to investigate the potential transmission and control of HPAI in the
Australian chicken meat, chicken egg layer, duck and turkey industries.

AISPREAD is divided into three modules: a production module to simulate the
timing of farm husbandry practices such as routine destocking and visits by
service providers; an infection module to simulate the spread of infection between
farms by local spread, the movement of live birds and contact networks of service
providers; and a mitigations module which implements combinations of realistic
outbreak response strategies. AISPREAD is a flexible simulation model that can
incorporate different combinations of mitigation strategies including: active and
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passive surveillance; diagnosis; tracing; zoning; quarantine and movement
restrictions; culling, disinfection and decontamination of infected farms; preemptive culling; process slaughter of chicken meat broiler and duck and turkey
grower farms; and emergency vaccination.

Data on the location, ownership, type, capacity, biosecurity and production
characteristics and identity of service providers were obtained from a series of
cross-sectional surveys of the commercial chicken meat, chicken egg layer, duck
and turkey industries conducted in 2005 and 2007. These studies revealed that
these industries are functionally distinct and few of the 1594 farms produced
multiple species of poultry. However, five Australian poultry production regions
had poultry farm densities that were comparable to areas in Canada and Italy that
have experienced extensive epidemics of HPAI, indicating that they may be more
vulnerable to larger outbreaks. Results also revealed that movements of birds and
service providers between farms could lead to the transmission of HPAI between
companies, regions or industries.

Limited data were available to estimate several important model parameters,
including the likelihood of HPAI spreading between farms by different types of
indirect contacts; the relative effectiveness of biosecurity measures on different
types of farms to prevent indirect transmission of HPAI on fomites; the number of
trucks operated by feed mills, hatcheries and waste disposal companies; and the
risk of HPAI spread posed by the movement of used cardboard egg trays in the
chicken egg layer industry. A modified Delphi conference approach was used in
this study to gather the opinions of Australian poultry industry professionals to
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estimate these parameters. This study confirmed that poultry industry experts
considered that indirect contacts by service providers between poultry farms and
differences in biosecurity practices between poultry farms would be important in
the spread of HPAI amongst poultry farms.

In order to investigate within-farm spread of HPAI, a stochastic discrete entity
simulation model was developed to estimate parameters regarding the dynamics
of HPAI in unvaccinated and vaccinated chicken meat, chicken egg layer, duck
and turkey farms. These studies revealed that a 1% mortality threshold for
reporting suspected HPAI in unvaccinated farms would allow for the reporting of
infection within one to two weeks after introduction. Vaccination was also shown
to reduce the susceptibility of chicken, turkey and duck farms to incursions of
HPAI. Two-dose vaccination regimes prevented between 25 and 38% of
incursions becoming established in chicken and turkey farms, and hence could
reduce the overall susceptibility of chicken and turkey farms to infection. Sentinel
surveillance programs, where unvaccinated chickens are placed in flocks and
monitored for clinical signs of HPAI, were shown to be beneficial in the detection
of HPAI epidemics in vaccinated chicken meat, chicken egg layer, turkey and
duck farms.

AISPREAD was used to study the transmission of HPAI between farms on a
national scale. It performed well in operational validation studies: model outputs
were comparable to the 1997 epidemic of HPAI in Tamworth, NSW (New South
Wales) and the simulated reproduction ratio (R0) of farms in the Sydney region
was similar to those experienced in overseas epidemics in regions in Italy in

v

1999/2000, the Netherlands in 2003 and Canada in 2004 with similar poultry farm
densities. Sensitivity analysis studies of AISPREAD indicated that the model was
relatively robust to many uncertain parameters. Further, results were influenced
by assumptions regarding the local spread of infection, the sensitivity of
surveillance visits and tracing, and the likelihood of transmission by certain
indirect contacts (the movement of used egg trays, feed deliveries, litter and
manure removal contractors and slaughter crews). Although these parameters
were estimated using the best available data, better estimates would improve the
validity of AISPREAD.

Studies were conducted using AISPREAD to assess the potential consequences of
HPAI incursions (measured by the number of infected farms, epidemic duration,
size of Restricted Areas and the number of dead and destroyed birds) into
different types of poultry farms across different poultry production regions in
Australia. In these studies it was assumed that a basic stamping-out policy would
be implemented (involving the quarantine and the culling of infected farms, the
imposition of zoning and movement restrictions and active surveillance on at risk
farms). Incursions into chicken meat broiler farms in areas where there are
extensive indirect contacts, such as the Central Coast of NSW and the Mornington
Peninsula of Victoria, tended to result in larger epidemics compared with
epidemics seeded into turkey grower, duck grower, chicken meat parent breeder
and combined chicken egg layer and pullet farms. A basic stamping-out strategy
was successful in preventing the secondary transmission of HPAI in most
incursion scenarios studied. In most cases, AISPREAD forecast that HPAI would
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be eradicated in less than three weeks, resulting in less than 200,000 birds dying
from infection or being destroyed.

The effectiveness of several alternative control strategies for HPAI (including
stamping-out within larger disease control zones, pre-emptive ring culling,
process slaughter, and emergency vaccination) were also assessed for epidemics
where HPAI was introduced into a chicken meat broiler farm on the Mornington
Peninsula. This study showed that mitigation strategies involving larger disease
control zones may be more effective in controlling HPAI epidemics in regions
considered most vulnerable to the secondary spread of infection between farms.
However, unless strategies were put in place to limit the impact of movement
restrictions on chicken meat broiler and duck and turkey grower farms, larger
disease control zones would lead to a substantial number of farms (median 23,
95% probability interval, 2 to 122 farms) being overdue to move birds to
slaughter, which could result in animal welfare problems. A process slaughter
strategy, where chicken meat broiler and duck and turkey grower farms in the
vicinity of infected farms were processed after testing negative for HPAI, reduced
the number of farms disrupted by movement restrictions and did not result in
larger epidemics. Results of this study indicate that emergency vaccination may
offer only limited benefits compared with other strategies, at least for moderately
sized epidemics. However, should government and industry decide to retain
emergency vaccination as a contingency, 4.6 million doses of AI vaccine would
be required within two months to manage an incursion in a high poultry density
region.
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The approach used in AISPREAD to capture production events and periodic
contacts by service providers between commercial intensive poultry farms has
allowed the protective effects of the periodic depopulation and restocking of
single-aged poultry farms to be captured and a comprehensive list of transmission
pathways to be included in the model. Similar approaches may be useful to
represent the transmission of other important poultry diseases or diseases in other
intensive industries, such as the pig industry, where farms are managed in an allin all-out manner and indirect contacts by service providers can lead to the
transmission of infection. It is recommended that AISPREAD be updated in the
future as more becomes understood about the epidemiology of HPAI and as the
structure and dynamics of the poultry industries in Australia change.
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Preface
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Australia are mentioned, these are referred to as states/territories to avoid
confusion with model infection ‘states’. A map of cities, geographical regions and
states/territories of Australia that are mentioned in this thesis is presented in
Figure 0-1.
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CHAPTER 1

Chapter 1. Introduction
Avian influenza (AI) is a highly contagious viral disease that primarily affects
birds. In its most virulent form, highly pathogenic avian influenza (HPAI), very
high mortality may be observed in susceptible poultry flocks. HPAI can cause
severe economic losses to poultry industries, through stock losses and disruption
to domestic and international trade, and can also adversely affect animal welfare
(Elbers et al. 2004). AI viruses also pose a hazard to public health. Several
lineages of AI viruses are known to be zoonotic (e.g. Koopmans et al. 2004;
WHO 2011) and all four human influenza pandemics that occurred over the past
century, including the 2009 H1N1 pandemic, have been caused by viruses that are
thought to have emerged, at least in part, in avian hosts (Kawaoka et al. 1989;
Tauenberger et al. 2005; Garten et al. 2009).

At least 27 different strains of HPAI were reported in poultry worldwide between
1955 and 2009 (see Section 2.1). The largest and most extensive epidemic has
been caused by the Asian-lineage H5N1 strain, which was first isolated in China
in 1996 (Xu et al. 1999). This virus has infected wild birds and poultry in 61
countries across Asia, Europe and Africa (FAO 2011b). It has led to the death of
hundreds of millions of poultry, either directly from disease or indirectly due to
culling to control the infection (Perdue & Swayne 2005). As of 2 August 2011,
there were 556 reported human cases and 325 fatalities caused by Asian-lineage
H5N1 influenza across 15 countries in Asia and Africa (WHO 2011). The
circulation of this virus in poultry has been identified as a hazard to global public
health because of concerns that it could mutate into a form which is efficiently
spread between people, possibly precipitating a human influenza pandemic.
1
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Estimates of the cost of this virus to the global economy are not available, but are
likely to measure in the tens or hundreds of billions of US dollars, given that the
losses experienced in southeast Asian countries in 2004 alone were estimated to
be between $US10 to 15 billion (European Commission 2005), equivalent to
$AUD 14 to 20 billion. Currently, the United Nations Food and Agriculture
Organisation considers that Asian-lineage H5N1 HPAI viruses are endemic in
poultry in at least six countries: Bangladesh, China, Egypt, India, Indonesia and
Viet Nam (FAO 2011a).

Although Australia is currently free from HPAI, the impacts of an epidemic on
Australia’s commercial chicken meat, chicken egg layer, duck and turkey
industries could be substantial. It is important for Australia to have an adequate
capacity to respond to an incursion of HPAI because Asian-lineage H5N1 HPAI
remains endemic in many countries worldwide, and because H5 and H7 LPAI
viruses (which have the potential to mutate into HPAI) are endemic in wild birds
in Australia (Haynes et al. 2009). Although Australia has a national contingency
plan for HPAI (Animal Health Australia 2008a), the potential consequences and
effectiveness of different control and eradication strategies under Australian
conditions are not well understood. This is because at least four of the five
historical epidemics in Australia have occurred in low poultry density regions and
the potential for secondary transmission of HPAI between farms in higher density
regions is not known. Certainly the scale of transmission of virulent Newcastle
Disease at Mangrove Mountain on the Central Coast of New South Wales in 1998
and 1999 (Animal Health Australia 1999) indicates that infectious poultry
diseases may spread rapidly between farms in high poultry density regions in
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Australia. Furthermore, Australia’s control policies for HPAI have been changed
since 1997, and vaccination is now recognised as a potential secondary control
measure, but its effectiveness under Australian conditions to control and eradicate
HPAI has not been demonstrated.

Disease managers are often called upon to develop policies for the control and
eradication of exotic infectious diseases in the face of profound uncertainty about
the epidemiology of the disease in the affected population. Epidemiological
models can provide a means to investigate the potential behaviour and
consequences of infectious diseases in animal populations under specific
assumptions, particularly where there is little recent information about the
behaviour of an exotic disease in the population. By combining available
information from experimental or observational studies, they can be used to
identify important areas of uncertainty that can be investigated in further study.
They can also be used to investigate the potential advantages and disadvantages of
different policy decisions.

This thesis describes the development, design and analysis of AISPREAD ─ a
model to study HPAI in the Australian context. AISPREAD is a spatial, stochastic
simulation model that has been developed to investigate the transmission of HPAI
between commercial Australian poultry farms, and to assess the potential efficacy
of a number of realistic mitigation strategies, including stamping-out, vaccination
and pre-emptive slaughter, to control and eradicate infection.
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Chapter 2 of this thesis describes the aetiology, pathogenesis and epidemiology of
AI and provides an overview of the current policy guidelines to control and
eradicate HPAI epidemics in Australian poultry. Chapter 3 reviews the principles
of epidemiological modelling for animal health management and describes the
design of other mathematical and simulation models that have been developed to
investigate HPAI transmission within and between farms. Chapter 4 presents the
results of a study of the structure, dynamics and importance of the Australian
poultry industries, and qualitatively assesses factors which may be involved in the
secondary spread of HPAI between farms, regions and industry sectors. Chapter 5
describes the design of AISPREAD in detail. Chapter 6 presents the results of a
survey of Australian poultry scientists and veterinarians that was designed to
estimate indirect transmission parameters for AISPREAD. Chapter 7 describes the
development of a model to simulate the spread of HPAI between individual birds
within farms. The results of this model were used to estimate parameters
regarding farm-level reporting and infectious periods of different types of poultry
farms, including vaccinated flocks. The verification, validation and sensitivity
analysis studies of AISPREAD are presented in Chapter 8. Chapter 9 presents
results of simulation studies conducted using AISPREAD to investigate the
potential consequences of HPAI incursions in different regions and sectors of the
Australian poultry industries. In this chapter the consequences of incursions of
HPAI into the chicken meat, chicken egg layer, duck and turkey industries are
compared in terms of the number of infected farms, number of dead and destroyed
birds, time to eradicate infection and the spatial distribution of infected farms
assuming that a basic stamping-out control strategy is implemented. Chapter 10
presents results of simulations to compare the advantages and disadvantages of
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different stamping-out, vaccination, process slaughter and pre-emptive culling
strategies to eradicate epidemics of HPAI. The objective of this study was to
identify whether these alternative strategies would be more effective than a
baseline stamping-out strategy to eradicate a larger epidemic of HPAI. A general
discussion of the implications of this work is presented in Chapter 11, together
with suggestions for policy development and further research.
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Chapter
2.
Review
of the
patho-biology,
epidemiology and control of avian influenza

2.1

Introduction

Avian influenza (AI) viruses pose risks to animal and public health. The clinical
signs of these pathogens in poultry and wild birds vary substantially, but the most
virulent form of the disease, highly pathogenic avian influenza (HPAI), can cause
very high levels of mortality in susceptible poultry. Direct costs of HPAI
epidemics, due to dead or destroyed poultry and the implementation of control
measures can be substantial, but indirect costs, associated with decreased
consumer demand for poultry products, the disruptive effects of control measures
imposed by authorities and lost export markets can be much larger (Meuwissen et
al. 2006).

Between 1996 and 2009, there has been an increase in the number of strains of
HPAI that have been reported in poultry globally. Over this period there have
been 13 HPAI strains reported in the literature and to the World Organisation for
Animal Health (OIE), compared with 14 over the previous 42 years (Perdue &
Swayne 2005; OIE 2009b). Three HPAI viruses that emerged between 1996 and
2010 have caused very large epidemics that affected over one million birds in
modern commercial poultry production systems: in Italy in 1999/2000, the
Netherlands in 2003 and Canada in 2004 (Elbers et al. 2004; Marangon et al.
2004a; Power 2005). However, the most important epidemic over this period has
been caused by Asian-lineage H5N1 HPAI virus, which, as mentioned in Chapter
1, has led to the death or destruction of hundreds of millions of poultry (Perdue &
6
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Swayne 2005). It has been detected in wild birds or poultry in at least 63 countries
throughout Asia, Europe and Africa (FAO 2011b).

This virus has major public health implications over and above its socio-economic
and production impacts. As of 2 August 2011, there were 556 human cases of
Asian-lineage H5N1 influenza A and 325 deaths confirmed by the World Health
Organization (WHO 2011). So far, most human cases have occurred after contact
with infected poultry, and sustained human-to-human transmission has not
occurred (Abdel-Ghafar et al. 2008). However, there is a risk that an AI virus
could contribute to a human influenza pandemic if it became easily transmissible
between humans or if its genes were recombined with other influenza viruses.
This risk has also been underscored by molecular studies which have shown that
all four human influenza pandemics over the past century, including the recent
pandemic H1N1 virus, were caused by viruses with genes derived from avianadapted viruses (Kawaoka et al. 1989; Tauenberger et al. 2005; Garten et al.
2009).

Asian-lineage H5N1 HPAI is not the only AI virus to pose a risk to public health.
Several other AI-lineage viruses, including a number of HPAI and low pathogenic
avian influenza (LPAI) strains, have caused human infections since 1996.
Symptoms in humans have varied in severity from conjunctivitis and influenzalike illness to death (Koopmans et al. 2004). Like Asian-lineage H5N1 influenza,
most human cases have occurred after direct or indirect exposure to infected
poultry. However, limited human-to-human transmission was reported between
poultry workers and their household contacts during an epidemic of H7N7 HPAI
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in the Netherlands in 2003 (Koopmans et al. 2004; Bosman et al. 2005).
Prevention and control of infection in poultry is generally considered critical to
limiting human exposure to AI viruses and to reduce the animal health and
economic impacts of infection.

This chapter provides background information on the current understanding of the
biology of AI viruses, concentrating on the aetiology, pathogenesis, epidemiology
and diagnosis of infection in poultry. It also provides an overview of response
strategies for the control and eradication of HPAI epidemics in Australian poultry
that have been developed by federal and state/territory governments and poultry
industry bodies. Finally, it highlights the uncertainties about the epidemiology and
control of HPAI in commercial Australian poultry that are the focus of the studies
presented in subsequent chapters.

2.2

Aetiology

2.2.1 Classification
Influenza viruses are members of the family Orthomyxoviridae, a group of
pleomorphic negative-sense RNA viruses enclosed within a plasma membrane
(Murphy et al. 1999). The three genera of influenza viruses (type A, type B and
type C) are differentiated by the antigenicity of two structural proteins called the
matrix protein (M1) and nucleoprotein (NP). Only Influenza A viruses are known
to cause AI (Alexander 2000). The genome of Influenza A viruses consists of
eight negative-sense strands of RNA that code for nine or 10 proteins, depending
on their genotype (Palese & Shaw 2007).
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2.2.2 Serotypes
The Influenza A genus of viruses is divided into serotypes, based upon the
structure of the HA and neuraminidase (NA) glycoprotein antigens present on the
viral envelope. Each virus has a single HA and NA serotype. Currently 16 HA
(H1 to H16) and nine NA (N1 to N9) serotypes have been identified (Fouchier et
al. 2005). The combination of HA and NA serotypes of an Influenza A virus
isolate is referred to as its subtype (e.g. H5N1 or H7N7). There can be great
genetic and antigenic diversity even within Influenza A subtypes, reflected in the
amino acid sequence and tertiary structure of HA and NA antigens. The term
‘strain’ is broadly used identify viruses with similar HA and NA antigenic
characteristics. Influenza A viruses evolve rapidly, and phylogenetically related
viruses are also referred to as ‘lineages’. The term ‘isolate’ is used to refer to a
particular virus that has been identified after it has been cultured.

Representatives of each of the HA and NA antigen subtypes have been isolated
from wild birds; however, different subtypes appear to be more common in
different wild bird species (Webster et al. 1992; van den Berg et al. 2008). The
importance of these antigens in host immunity is discussed in Section 2.4.7.
Diagnostic tests to identify the HA and NA type of Influenza A viruses are
discussed in Section 2.5.3.

2.2.3 Pathotypes
AI viruses are divided into two pathotypes, LPAI and HPAI, based upon their
experimental virulence in chickens or molecular studies. The OIE refers to HPAI
viruses as highly pathogenic notifiable avian influenza (HPNAI), because member
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states are obliged to notify the OIE of the occurrence of this disease in their
territories. The OIE defines HPNAI viruses as those which cause over 75%
mortality in 4 to 8 week old chickens over 10 days after intravenous inoculation
(see Section 2.5.2). Molecular sequencing of the HA gene of H5 or H7 viruses to
identify nucleotides coding for multiple basic amino acids at the cleavage site of
the HA protein is also used to identify HPNAI viruses (OIE 2010). This is
because this mutation is associated with virulence in chickens and other
susceptible species (see Section 2.3); however, not all H5 and H7 viruses that
have multiple basic amino acids at the cleavage site are highly virulent indicating
that virulence may be a polygenic trait (Suarez et al. 2004).

Only H5 and H7 AI viruses are known to cause HPAI, but not all viruses of these
subtypes are highly virulent. H5 and H7 LPAI viruses may become HPAI
spontaneously through mutation, although this change in virulence is not
common. For this reason, the OIE Terrestrial Animal Health Code requires
member countries to notify the OIE of the detection of H5 or H7 LPAI viruses,
which they refer to as low pathogenic notifiable avian influenza viruses (OIE
2010). Currently, the molecular and immunological processes governing the
selection and predominance of HPAI viruses over related LPAI viruses in
populations are poorly understood. This shift to virulence is not predictable: it
may occur relatively soon after the introduction of LPAI virus into a poultry flock
(e.g. Bowes et al. 2004), or after infection has spread between poultry flocks for
several months (e.g. Marangon et al. 2004a).
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2.3

Pathogenicity, clinical signs and pathology in poultry

HPAI viruses can cause systemic infections in gallinaceous poultry (i.e. chickens,
turkeys, quail and guineafowl) and other species of birds including ostriches,
emus, shorebirds and waterfowl. This is in contrast to LPAI viruses, which are
usually restricted to replicating in the respiratory and/or enteric tracts of poultry
because they require trypsin or trypsin-like proteases contained in these tissues to
cleave the HA molecule, which is an essential step in the infection of a host cell
(Rott 1992; Alexander 2000). The presence of multiple basic amino acid
insertions at the HA cleavage site is associated with virulence in gallinaceous
poultry because it allows more ubiquitous proteases to cleave the molecule, giving
the virus the ability to cause systemic infection and cause severe disease (Perkins
et al. 2001).

LPAI can cause asymptomatic infection in poultry flocks, but typically causes
mild to severe respiratory or enteric disease and reduced water and feed intake,
egg production and weight gain. Small increases in mortality may also occur (e.g.
Manvell et al. 2008). If LPAI is complicated by other factors such as concurrent
infectious disease or stress, then clinical signs in affected chickens may be more
severe and mortality may increase to up to 80% (Bano et al. 2003). Clinical signs
of LPAI in domestic ducks can vary from asymptomatic to moderate respiratory
disease (Spackman et al. 2010).

HPAI causes severe systemic disease, particularly in chickens and turkeys, and is
characterised by clinical signs of systemic infection including diarrhoea,
dyspnoea, and cyanosed skin (particularly the wattles and combs) and death
11
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(Selleck et al. 2003). Clinical signs of HPAI infection in domestic ducks can be
variable, ranging from inapparent infection to neurological signs and death
(Kishida et al. 2005; van der Goot et al. 2008). In the case of Asian-lineage H5N1
HPAI viruses, virulence in domestic ducks appears to vary with the viral genotype
and has increased over time. Challenge studies with isolates from 1997 to 2000
from southeast Asia produced mild respiratory and enteric clinical signs, but
certain isolates from 2003 onwards from southeast Asia caused higher incidences
of systemic disease and death (Pantin-Jackwood et al. 2007). Challenge studies
have shown that five week old domestic ducks may be more resistant to disease
caused by Asian-lineage H5N1 HPAI virus than two week old ducks, indicating
that age might affect the expression of disease in this species (Pantin-Jackwood et
al. 2007). Virulence has also been shown to vary between duck species, and one
study has shown that Muscovy ducks may be more susceptible to neurological
disease caused by Asian-lineage H5N1 HPAI virus than Pekin ducks (Cagle et al.
in press).

2.4

Epidemiology of avian influenza

2.4.1 Natural hosts
Although AI viruses have been isolated from at least 105 wild bird species of 26
taxonomic orders (see Olsen et al. 2006 for a review), birds of the taxonomic
orders Anseriformes (waterfowl such as ducks, geese and swans) and
Charadriiformes (shorebirds such as gulls and waders) are recognised as major
reservoir hosts of Influenza A viruses in the wild. This is because of the number
and genetic diversity of viruses isolated in these species (Webster et al. 1992).
Generally, these birds are relatively resistant to disease caused by AI viruses,
12
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however several recent Asian-lineage H5N1 HPAI viruses have been shown to be
highly virulent in both domestic and wild waterfowl (see Section 2.3).

AI infections have been reported in many domesticated avian species including
chickens, turkeys, ducks, geese, quail, pheasants, partridges, guineafowl, emus,
ostriches and psittacine birds (reviewed by Alexander 2000). The relative
susceptibility of poultry species to infection and disease caused by both LPAI and
HPAI viruses is variable, and is dependent upon the host adaptation of the virus,
the level of host immunity and the dose of virus. Avian-lineage Influenza A
viruses have caused natural infection of many mammalian species (see Swayne &
Halvorson 2008 for a review).

2.4.2 Survival in the environment and animal products
In general, AI virus survival is prolonged under cool moist environments: it can
remain viable for up to 55 days at 17°C and 21 days at 28°C in distilled and fresh
standing water (Stallknecht et al. 1990). Human Influenza A viruses can remain
viable in dried substrate for up to 48 hours on hard non-porous surfaces at room
temperature (Bean et al. 1982) and the survival of AI virus is likely to be similar
under these conditions. Survival times may be prolonged if AI viruses are
contained in organic material such as faeces, egg allantoic fluid or respiratory
secretions. Anecdotal reports from an outbreak of H5N2 LPAI and HPAI in
Pennsylvania in 1983/84 indicate that virus persisted in liquid poultry manure in
poultry sheds in winter for 105 days after depopulation (Fichtner 1986). Lu et al.
(2003) demonstrated that H7N2 LPAI virus in chicken faeces was inactivated
within 36 hours when kept at 37°C, within six days at between 15 to 20°C and
retained infectivity for over 20 days when kept at 4°C. Similar results have been
13
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reported for the survival of Asian-linage H5N1 HPAI virus in chicken faeces
(WHO 2005) and H11N9 LPAI virus in duck faeces (Webster et al. 1978). AI
viruses may survive longer in egg allantoic fluid compared with faeces (Lu et al.
2003), but because they are rapidly inactivated by temperatures at or above 70˚C
in chicken meat and eggs, properly cooked poultry products are not considered a
food safety risk (WHO 2005; Songserm et al. 2006a). AI viruses are highly
susceptible to soaps, detergents and disinfectants provided the agents can
penetrate organic material substrate. The AUSVETPLAN decontamination
manual recommends the use of soaps, oxidising agents or alkalis for the
disinfection of farms and equipment potentially contaminated with AI viruses
(Animal Health Australia 2008b).

2.4.3 Global distribution in wild birds and poultry
Current understanding of the global distribution of AI viruses in wild bird
populations is limited. However, it is clear that complex interactions between the
virus, reservoir hosts and environmental conditions are involved in the ecology of
AI on a global scale.

The ecology of AI viruses in Australian wild birds is not well understood,
although much research is being conducted in the area (Haynes et al. 2009).
Unlike North America, Australian waterfowl do not display seasonal migration
patterns. Their movements are limited to continental Australia, the island of Papua
and New Zealand. In many cases they appear to be nomadic (Tracey et al. 2004).
Several species of migratory shorebirds move between northern Asia and
Australia seasonally, but one study of the phylogeny of H7 AI viruses from
Australia, Europe, Asia and North America revealed that Australian H7 viruses
14
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formed a sub-lineage quite distinct from North American and Eurasian H7 strains
(Banks et al. 2000), indicating that introductions of AI viruses into Australia from
other continents may be relatively rare.

Epidemics of HPAI in poultry have occurred on all inhabited continents. Apart
from the current epidemic of Asian-lineage H5N1 HPAI (which has been reported
in Asia, Africa and Europe) and the 2003 epidemic of H7N7 HPAI in the
Netherlands (which spilt-over into a small number of farms in Germany and
Belgium), since 1955 epidemics of HPAI have been geographically localised and
have not spread across international boundaries. There is controversy over the
relative importance of wild bird movements and the trade in poultry in the long
distance spread of Asian-lineage H5N1 HPAI, but evidence suggests that each has
been responsible for the dissemination of this virus (Tumpey et al. 2002;
Kilpatrick et al. 2006).

2.4.4 History of AI in poultry and wild birds in Australia
Australia has experienced five epidemics of HPAI since 1976, all of which
exclusively affected commercial poultry flocks and were caused by H7 viruses.
Nine of the 12 infected farms produced broiler, layer or breeder chickens. These
epidemics were successfully contained and eradicated by ‘stamping-out’, that is
the quarantine and the culling of infected flocks and the imposition of movement
controls and active surveillance on at risk farms (Westbury 1997; Selleck et al.
2003). Limited secondary spread from the first infected farm occurred in three
epidemics. The most recent and most extensive epidemic occurred in New South
Wales (NSW) in 1997, and led to the destruction of over 310,000 birds and 1.2
million fertile eggs from six farms (Table 2-1). At least four of the five epidemics
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occurred in regions of Australia that had relatively low densities of poultry and
poultry farms at the time (Westbury 1997), which may have limited the secondary
spread of infection.

Table 2-1 Descriptive characteristics of the five Australian outbreaks of HPAI.
Number
of
Poultry
Virus
Location
of infected
dead
or
Year subtype outbreak
farms
Type of farms
destroyed References
One free ranging
(Turner
duck farm and one
Melbourne,
1976;
1976 H7N7
2
combined broiler
58,500
Victoria
Turner
and layer chicken
1981)
farm
One
combined
(Morgan &
Bendigo,
broiler,
broiler
1985 H7N7
1
111,000 Kelly
Victoria
breeder and layer
1990)
chicken farm
One free ranging
Bendigo,
duck farm and one
(Selleck et
1992 H7N3
2
22,700
Victoria
broiler
breeder
al. 1997)
chicken farm
Brisbane,
One chicken egg
(Westbury
1994 H7N3
1
22,000
Queensland
layer farm
1997)
Five broiler breeder
Tamworth,
(Selleck et
1997 H7N4
6
chicken farms and 310,000
NSW
al. 2003)
one emu farm

There have been few reports of LPAI in commercial or smallholder poultry in
Australia. Serological evidence indicates that H7 LPAI viruses may have
circulated on the index farm in three of the HPAI epidemics, but there was no
evidence of H7 LPAI transmission on other farms (Westbury 1997; Selleck et al.
2003). Testing of stored sera taken from free-range arbovirus sentinel chicken
flocks along the Murray River in Victoria over the periods 1991 to 1994 and 2001
to 2006 found serological evidence of infection with Influenza A viruses, without
recorded clinical signs (I. East, pers. comm., June 2007), demonstrating that
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introductions of LPAI can and do occur in chicken flocks, and that they may not
produce detectable clinical signs of disease. In Australia, two outbreaks of LPAI
have been reported in commercial poultry flocks since 2005. In 2007, a
commercial intensive chicken meat breeder farm in NSW tested positive for H6
antibodies after experiencing a reduction in egg production of 10 to 15% and a
mild increase in mortality (NSW DPI 2007). Evidence of exposure to H6 AI was
detected at a neighbouring duck farm (Animal Health Australia 2011). A further
outbreak of H10 was detected at the same chicken meat breeder farm in 2010, but
there was no evidence of exposure in the duck farm (Animal Health Australia
2011).

Virological and serological surveys have shown evidence of many serotypes of AI
in Australian wild birds (Downie & Laver 1973; Downie et al. 1977; MacKenzie
et al. 1984; MacKenzie et al. 1985; Nestorowicz et al. 1987; Peroulis & O’Riley
2004; Haynes et al. 2009), including H5 and H7 serotypes known to be able to
develop into HPAI by mutation (Downie et al. 1973; Downie et al. 1977;
MacKenzie et al. 1984; Nestorowicz et al. 1987; Haynes et al. 2009). No Asianlineage H5N1 HPAI has been detected in Australian wild birds by active or
passive surveillance (Haynes et al. 2009).

2.4.5 Transmission between birds
Poultry are thought to become infected with AI after the ingestion or inhalation of
virus and can shed very high concentrations of virus from the respiratory tract and
in faeces. After experimental challenge, chickens can shed peak titres in the order
of 106.5 median chicken embryo infectious doses (EID50) and 104.5 EID50 per ml in
respiratory secretions and faeces, respectively three days after inoculation
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(Swayne & Beck 2005). Shedding in domestic ducks appears to vary with the
strain of virus. For example, domestic ducks challenged with various strains of
Asian-lineage H5N1 HPAI had oral and cloacal titres at three days post infection
in the range of 101.6 to 106.5 and 101.2 to 103.3 EID50 per ml, respectively (PantinJackwood et al. 2007). Similar oral and cloacal shedding at three days post
infection has been described in challenge studies involving a series of LPAI
viruses in mallards: 103.5 to 105.9 and 103.4 to 105.8 EID50 per swab, respectively
(Webster et al. 1978).

Transmission to susceptible birds may occur after direct contact with infectious
individuals or with contaminated material, particularly faeces or respiratory
secretions. Infection may also spread short distances between birds by airborne
transmission, but the importance of this mechanism appears to vary between
species of poultry and the strain of virus. For example, airborne transmission
between chickens has been recorded in transmission studies of Asian-lineage
H5N1 virus isolated in Japan in 2004 (Tsukamoto et al. 2007), but not with Asianlineage H5N1 virus isolated in live poultry markets in Hong Kong in 1997
(Shortridge et al. 1998). Vertical transmission of AI viruses has not been reported,
but AI viruses have been isolated from the surface and contents of eggs laid by
naturally infected chickens, raising the possibility that chicks could become
infected at hatching (Cappucci et al. 1985). However, because HPAI viruses are
often lethal for chicken embryos, the likelihood of vertical transmission of HPAI
is considered negligible.
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2.4.6 Transmission dynamics of AI in poultry
The dynamics of AI in individual birds is likely to vary according to the host
species, the strain and dose of virus and environmental conditions. In this section,
estimates of the incubation, latent and infectious periods, basic reproductive ratios
(R0) and transmission rates for immunologically naïve chickens, ducks and
turkeys infected with LPAI and HPAI are reviewed from published transmission
studies (Table 2-2). A discussion of the effects of vaccination on these parameters
is presented in Chapter 7.

2.4.6.1

Incubation periods

The incubation period is the time between infection and the development of
clinical signs in an individual animal (Thrusfield 2007), but can also be used to
describe the time between infection and the development of detectable clinical
signs in populations of animals. For HPAI viruses, the incubation period can be
variable depending on the virus lineage, dose, route of infection and host species,
but typically ranges between one to six days in gallinaceous poultry (e.g.
Tsukamoto et al. 2007; Forman et al. 1986).I In peracute cases, death may be the
only noted clinical sign of infection (Forman et al. 1986). For regulatory purposes,
the OIE lists the maximum incubation period for HPAI and H5 or H7 LPAI as 21
days (OIE 2010).

2.4.6.2

Latent periods

The latent period is the time between infection and the onset of infectiousness
(Thrusfield 2007). Although several transmission studies have assumed that the
latent period of LPAI and HPAI is relatively short in individual birds (between
zero and two days), only two studies have estimated the latent period of AI
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viruses by empirical means. Bouma et al. (2009) estimated that the latent period
for individual chickens infected with Asian-lineage H5N1 HPAI was in the order
of 0.20 to 0.44 days (Table 2-2). Poetri et al. (2011) estimated the latent period of
Asian-lineage H5N1 HPAI in chickens was 0.88 days (Table 2-2).

2.4.6.3

Infectious periods

The infectious period is defined as the time between the onset of shedding and
when an individual ceases to be infectious. The infectious period of poultry
infected with LPAI and HPAI viruses varies substantially between species and
strain of virus. In the studies presented in Table 2-2, average infectious periods of
H5N2 HPAI and H7N7 HPAI viruses were between 4.25 and 6.80 days. These
estimates are substantially longer than for Asian-lineage H5N1 HPAI in chickens
(1.3 to 3.2 days). This reflects the peracute nature of disease caused by Asianlineage H5N1 HPAI in this species. Studies of infection in turkeys indicate that
they have infectious periods of similar duration to chickens, but ducks tended to
have longer average infectious periods than chickens when infected with similar
strains of virus (Table 2-2).

2.4.6.4

Basic reproduction ratios (R0) and transmission rates

Transmission of AI will not only depend on the characteristics of the virus strain,
but also on host characteristics, and environmental and management factors that
affect contact between birds. R0 is a useful parameter for quantifying the
transmission of infection in a population (Anderson & May 1991), and is defined
as the number of secondarily infected individuals resulting from the introduction
of a single infected individual in a wholly susceptible population, during one
infectious period. An intuitive but simplistic interpretation of this statistic is if R0
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is less than one, infection is self-limiting and may be extinguished in the
population, and if R0 is equal to or greater than one, the incidence of infection
increases until the susceptible population is exhausted. This reasoning ignores the
effects of variability in the transmission of infection, which could be important in
the early stages of an epidemic. Transmission rates, defined as the average
number of secondary cases per infectious case per day that the primary case was
infectious, can be derived using similar assumptions.
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Table 2-2 Latent periods, infectious periods, basic reproduction ratios and transmission rates for LPAI and HPAI viruses in individual chickens,
turkeys and ducks.

Species

Study type

Virus

Transmission
study
Transmission
study
Transmission
study
Transmission
study

A/Chicken/Pennsylvania/
Chickens
21525/83 H5N2
A/Chicken/Pennsylvania/
Chickens
1370/83 H5N2
A/Chicken/Pennsylvania/
Chickens
1370/83 H5N2
A/Chicken/Netherlands/
Chickens
621557/03 H7N7
H7N7 in the Netherlands
Chickens Field study
2003
Transmission A/Chicken/Netherlands/
Turkeys
study
621557/03 H7N7
Transmission A/Chicken/Netherlands/
Ducks
study
621557/03 H7N7
H7N1 in Italy 1999 to
Chickens Field study
2000
H7N1 in Italy 1999 to
Turkeys Field study
2000

Latent
period
Pathotype (days)

LPAI

1a

HPAI

1a

HPAI

2a

HPAI

2a

HPAI

0a

HPAI

0a

HPAI

1a

HPAI

0a

HPAI

0a

Chickens Field study

H5N1 in Thailand 2004

HPAI

0a

Chickens Field study

H5N1 in Thailand 2004

HPAI

0a

Chickens Field study

H5N1 in Thailand 2004

HPAI

0a

Infectious
period (days)

Transmission
rate (secondary
cases
per Basic
reproduction
primary case per ratio (secondary cases
day)
per primary case)
Reference(s)

mean (95% confidence interval)
4.25 (2.57 to
0.22 (0.12 to
0.95 (0 to 2.29)
5.93)
0.42)
6.80 (4.91 to
0.78 (0.42 to
5.3
8.69)
1.47)
6.80 (4.91 to
4.66 (2.09 to
31.7
8.69)
10.36)
6.3 (3.9 to
33
208
8.7)
4.50 (2.68 to
4a
18 (10.72 to 30.28) b
7.57)
1.26 (0.99 to
6.2 (5 to 8) c
7.8
1.59)
10.4 (7.6 to
>2.7 d
>28 d
13.2)
1.19 (0.93 to
2a
2.4
1.52)
1.43 (1.17 to
2a
2.9
1.74)
2.26 (2.01 to
1a
2.26 (2.01 to 2.55)
2.55)
1.23 (1.11 to
2a
2.46 (2.23 to 2.72)
1.36)
0.87 (0.75 to
3a
2.62 (2.25 to 3.07)
1.02)

(van der
2003)
(van der
2003)
(van der
2003)
(van der
2005)

Goot et al.
Goot et al.
Goot et al.
Goot et al.

(Bos et al. 2009)
(Bos et al. 2008)
(van der Goot et al.
2007)
(Bos et al. 2010)
(Bos et al. 2010)
(Tiensin et al. 2007)
(Tiensin et al. 2007)
(Tiensin et al. 2007)

Table 2-2 Latent periods, infectious periods, basic reproduction ratios and transmission rates for LPAI and HPAI viruses in individual chickens,
turkeys and ducks.

Species

Study type

Chickens Field study

Virus

H5N1 in Thailand 2004

Latent
period
Pathotype (days)

HPAI

Transmission A/Chicken/Legok/2003
Chickens
study
H5N1

HPAI

Chickens

Transmission A/Chicken/Legok/2003
study
H5N1

HPAI

Chickens

Transmission A/turkey/Turkey/1/2005
studies
H5N1

HPAI
HPAI

Transmission A/Chicken/Legok/2003
Chickens
study
H5N1

0a
0.20
(0.049
to 0.43)
0.44
(0.14 to
0.87)

Infectious
period (days)

Transmission
rate (secondary
cases
per Basic
reproduction
primary case per ratio (secondary cases
day)
per primary case)
Reference(s)

mean (95% confidence interval)
0.66 (0.5 to
4a
2.64 (2.02 to 3.47)
0.87)

(Tiensin et al. 2007)

2.5 (2.2 to
2.8)

0.80 (0.38 to
1.5)

1.2 (0.94 to 1.5)

(Bouma et al. 2009)

1.3 (0.92 to
1.8)

0.74 (0.27 to
1.6)

1.8 (1.3 to 2.3)

(Bouma et al. 2009)

1 to 2 e

1 to 2.8 e

0.9 to 2,7 e

1.2 to 4.8 e

0.88
(0.70 to
0.94)

3.2 (2.5 to
4.3)

1.6 f (0.97 to
2.4)

5.1 (3.0 to 8.4)

(Spekreijse
2011)

et

al.

(Poetri et al. 2011)

Transmission A/Chicken/China/1204/04
4.3 (3.8 to
(van der Goot et al.
HPAI
1a
4.7 (2.3 to 9.4)
20
study
H5N1
4.8)
2008)
a
b
b
assumption made in the study; derived here as infectious period multiplied by transmission rate; figures in parentheses are the range, not the 95%
confidence interval; and d the lower bound of 95% confidence interval is reported here; e this study estimated transmission parameters of birds inoculated with 2
to 5 log10 EID50 of challenge virus, and ranges of means for these experiments are presented; and f estimate of median not mean.
Ducks
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Estimates of R0 vary for AI viruses according to the host species and the lineage
and pathotype of virus. Results of transmission studies designed to derive
estimates of the R0 and/or transmission rates for HPAI and H5/H7 LPAI in the
three major poultry species (chickens, ducks and turkeys) are presented in Table
2-2. Reported R0 values ranged from 1.2 to 5.1 for Asian-lineage H5N1 HPAI
viruses in chickens. These estimates were smaller than those derived for other
HPAI viruses in chickens and turkeys (which ranged between 1.2 and 208). In the
two duck studies, R0 was estimated to be 20 for Asian-lineage H5N1 HPAI and
>28 for H7N7 HPAI from the Netherlands. In the single study of LPAI dynamics
in chickens, the R0 was estimated to be 0.95. The parameters listed in Table 2-2
show that there can be clear differences in the dynamics of AI infection with virus
lineage, virulence and host species.

Assumptions used to derive R0 can also affect the estimation of this parameter. In
one study of H7N7 HPAI in chickens, derived values of R0 increased sixfold
when the duration of the latent period was increased from one to two days (van
der Goot et al. 2003). However, estimates of R0 from field data of Asian-lineage
H5N1 HPAI transmission in chickens were stable when latent periods of between
one and four days were assumed (Tiensin et al. 2007). Also, there may be major
differences of estimates of R0 between field and experimental data using similar
lineage viruses. For example, when comparing studies of H7N7 HPAI from the
Netherlands, the field studies led to substantially lower estimates of R0 compared
to the experimental study (31.7 and 208, respectively) (van der Goot et al. 2005;
Bos et al. 2009). Differences in estimates of R0 values may be attributed to a
range of confounding factors which may include various host, agent or
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environmental characteristics, so the value of comparing estimates of R0 between
studies may be limited. Because the transmission of infectious diseases under
laboratory conditions may differ from situations encountered in the field, the
experimental design of laboratory transmission studies should be assessed before
estimates of R0 are adopted in modelling studies.

2.4.7 Natural immunity and vaccination of poultry
Serotype-specific antibodies against HA can neutralise infection and protect
against clinical signs of AI in birds (Webster et al. 1991). Antibodies to NA can
provide partial protection against clinical signs of infection, but may not reduce
viral shedding (Sylte et al. 2007). Mucosal and systemic HA and NA antibodies
can be induced after exposure to AI virus or vaccine antigens, but antibody
responses can vary across bird species.

Appropriate vaccines can reduce the susceptibility and infectiousness of poultry,
protect individual birds from clinical signs and death, reduce viral shedding and
decrease the transmission of infection. However, current vaccination technologies
do not fully prevent infection, virus replication and shedding, and therefore do not
provide sterile immunity (Swayne 2006). The ability of a particular vaccine to
reduce clinical signs and viral shedding is thought to be related, at least in part, to
the mass of the HA antigen in the vaccine, and the degree of antigenic homology
between the challenge virus and the vaccine HA antigen (Swayne et al. 1999). In
general, titres of at least 1:8 to 1:16 in chickens are considered to be protective
(OIE 2009a; Bublot et al. 2007).
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Influenza A viruses have a relatively high mutation rate and the selection of
‘escape mutants’ with altered antigenicity is one mechanism these viruses exploit
to evade antibody-mediated host immunity and the efficacy of vaccine in poultry
can reduce over time as viral antigens evolve (Lee et al. 2004; Cattoli et al. 2011).

Protective immunity and a reduction in transmission has been demonstrated to
commence around 7 to 14 days after vaccination in individual chickens and ducks
(van der Goot et al. 2005; van der Goot et al. 2008), and at the flock-level a
reduction in transmission has been shown 18 days after vaccination (Ellis et al.
2004a). Although layer flocks have been reported to be protected for up to 32
weeks from clinical signs of infection and mortality, longer living birds such as
layer chickens and breeders may require additional doses to ensure protection
extends throughout their lifetime (Nisar et al. 2011). A discussion of available
vaccination technologies, together with the potential uses of vaccination as a
control measure for HPAI epidemics, is presented in Section 2.6.7.

2.4.8 Mechanisms of primary introduction into poultry flocks
In several historical epidemics of HPAI, it has been speculated that precursor H5
or H7 LPAI viruses were initially introduced into a poultry flock from wild
waterfowl through the provision of contaminated surface water for drinking (e.g.
Selleck et al. 2003; Berhane et al. 2009). However, at least in these cases, there
was no laboratory evidence demonstrating infection in nearby wild waterfowl or
virus in water (Selleck et al. 2003; Berhane et al. 2009). It is thought that infection
may be introduced into poultry flocks either after direct contact with infectious
wild birds or poultry, or after indirect contact with water, equipment, vehicles or
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people contaminated with virus (Selleck et al. 2003; Nishiguchi et al. 2005;
Marangon & Capua 2006).

Live poultry markets (LPM) have been associated with the transmission of LPAI
and HPAI in several countries, including the United States of America (USA),
Hong Kong and China (Panigrahy et al. 2002; Kung et al. 2003; Smith et al.
2006). Contact with LPM poses a risk for the introduction of AI onto commercial
poultry farms if infection is present in other industry sectors supplying birds the
market. Several characteristics of LPM make them particularly important
reservoirs of AI viruses. They may facilitate the transmission of infection by
bringing multiple species of poultry into close contact, and the continued
introduction of immunologically naïve poultry can lead to the maintenance of
infection. The lifespan of poultry in markets is short, and infected poultry may be
slaughtered before developing clinical signs of infection (Sims et al. 2003). This
may explain why a high prevalence of Asian-lineage H5N1 HPAI has been noted
in LPM of southern China and Hong Kong without apparent mortality (Smith et
al. 2006). Infection may be spread between LPMs and from markets to farms
through the movement of infected live birds or contaminated fomites such as live
bird crates (Panigrahy et al. 2002).

Transmission of Influenza A viruses from infected mammals to poultry is also
possible. Transmission of pig-adapted Influenza A viruses to turkeys has been
recorded (e.g. Hinshaw et al. 1983) and in countries where influenza is endemic in
the pig population, contacts with pig farms can pose a risk for the introduction of
infection into poultry flocks. Spillover of the 2009 pandemic H1N1 influenza has
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also been reported in turkey flocks, most likely after exposure to infected people
(Berhane et al. 2010).

2.4.9 Mechanisms of secondary spread between poultry flocks
The movement of infectious birds and mechanical transfer of infectious faeces or
respiratory secretions on contaminated fomites (e.g. equipment, personnel or
vehicles) are important mechanisms of secondary spread of AI between poultry
farms (e.g. Selleck et al. 2003; Nishiguchi et al. 2005; Marangon & Capua 2006).
Insects and wild animals could also be important mechanical vectors (Utterback
1984; Sawabe et al. 2006). The ‘local spread’ of infection to neighbouring farms
within a 1.5 to 2 kilometre radius without known movements of poultry,
equipment, vehicles or people has been reported in epidemics of HPAI in Italy
and Canada (Power 2005; Mannelli et al. 2006). The mechanisms underlying the
local spread of infection are not well described, but might include airborne
transmission of virus or transmission by unidentified direct or indirect contacts
(Utterback 1984; Power 2005).

Few studies quantify the relative importance of different types of contacts in the
spread of infection between poultry farms. One study reported results of contact
tracing during the 1999 to 2001 outbreaks of H7N1 LPAI and HPAI in Italy. In
66% of cases a likely pathway of infection was identified. Local spread within a
one kilometre radius was implicated in 26% of cases and vehicles used to
transport feed, carcasses or litter in a further 21% of cases. Movement of fomites
involved in the collection of birds for slaughter, other personnel or equipment and
the movement of live birds was implicated in 9%, 9% and 1% of cases,
respectively (Marangon & Capua 2006).
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A list of potential transmission pathways for HPAI is presented in Table 2-3. This
list was developed from descriptive studies of epidemics, from overseas risk
assessments, modelling studies and from a hazard identification study conducted
by Scott et al. (2005) to identify potential transmission pathways in the Australian
poultry industries. Although difficult to demonstrate, it is believed that the risk of
secondary spread by many of these pathways may be reduced by the
implementation of routine biosecurity measures such as implementing all-in allout production, the routine decontamination and disinfection of sheds between
batches, reducing and restricting movements onto and off the premises, and
implementing hygiene and disinfection procedures where the movement of
people, vehicles or equipment to and from the farm is unavoidable (Swayne
2008).
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Table 2-3 Potential pathways of transmission of HPAI between Australian
poultry farms.
Pathway
Potential mechanism
References
(Power 2005;
Poorly understood, but may involve airborne Mannelli et al.
transmission, unidentified mechanical transfer 2006; Sawabe
Local spread
and/or the movements of wild birds, mammals et al. 2006;
or insects.
Boender et al.
2007a)
(Marangon &
Movement of
Capua
2006;
Transfer of infected birds between farms.
live birds
Beato & Capua
2011)
(Wells
1963;
Movement of
Movement of contaminated people, crates, Scott et al.
live birds to
lifting equipment and vehicles between farms.
2005; Dent et
slaughter
al. 2008)
(Scott et al.
2005;
Feed
Movement of contaminated feed, vehicles and Marangon
&
deliveries
personnel between farms.
Capua
2006;
Dent et al.
2008)
(Selleck et al.
2003; Scott et
al.
2005;
Dead
bird Movement of contaminated dead birds, bins,
Marangon
&
collection
vehicles and personnel between farms.
Capua 2006 ;
Dent et al.
2008)
(Power 2005;
Egg
Movement of contaminated egg trays and Scott et al.
movements
trolleys between farms.
2005; Thomas
et al. 2005)
Visits
by
(Scott et al.
Movement of contaminated vaccination
vaccination
2005; Dent et
equipment and personnel between farms.
crews
al. 2008)
(Scott et al.
2005;
Litter
or
Movement of contaminated litter, personnel, Marangon
&
manure
vehicles and moving equipment between farms. Capua
2006;
removal
Dent et al.
2008)

Shed
sanitation

(Scott et al.
Movement of contaminated personnel and
2005; Dorea et
sanitation equipment between farms.
al. 2010)
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Table 2-3 Potential pathways of transmission of HPAI between Australian
poultry farms.
Pathway
Potential mechanism
References
(Scott et al.
Fresh litter Movement of contaminated litter, personnel,
2005; Dorea et
delivery
vehicle and moving equipment between farms.
al. 2010)
Delivery of
(Scott et al.
Movement of infected chicks or contaminated
day-old
2005; Dent et
crates, vehicle and personnel between farms.
chicks
al. 2008)

2.5

Diagnostic tests

Although clinical or pathological signs may be suggestive of HPAI or LPAI
infection in poultry, definitive diagnosis of Influenza A infection must be made by
detecting the presence of virus, viral antigen or RNA and past exposure can be
detected by using serological tests for antibodies for viral antigen.

2.5.1 Detection of virus or viral components
Virus isolation in embryonated chicken eggs or tissue culture and further
characterisation by molecular sequencing and/or haemagglutinin inhibition (HI)
and neuraminidase inhibition (NI) tests to characterise the serotype of virus is
considered the gold standard testing protocol for AI (OIE 2009a). In Australia, all
of these tests are available at the Australian Animal Health Laboratory (AAHL)
which is an OIE reference laboratory for AI (Animal Health Australia 2008a).

Because virus isolation can be a relatively slow process, these tests may take 8 to
14 days to be completed (Animal Health Australia 2008a). The long turnaround
time of these tests means that they are not ideal to establish an initial diagnosis of
AI or for the screening of large numbers of samples for active surveillance.
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Taqman reverse transcriptase PCR (RT-PCR) tests to confirm the presence of
Influenza A M gene RNA in swabs or tissues can be used to make a provisional
diagnosis of AI in a matter of hours. RT-PCR tests to identify H5 and H7 RNA
from cloacal or tracheal swabs are available at AAHL and at diagnostic
laboratories located in states and territory jurisdictions (Animal Health Australia
2008a). The Influenza A RT-PCR test is particularly useful as a screening test
because high numbers of samples can be tested rapidly with automated systems.
The diagnostic sensitivity and specificity of this test were estimated to be 93.3%
and 98.4%, respectively, in an Italian laboratory (Cattoli et al. 2004) but
validation studies from Australian laboratories have not been published. The
effectiveness of this test for screening large numbers of samples in an emergency
animal disease response has been demonstrated by its successful use during the
equine influenza (EI) epidemic in Australia in 2007 (Daniels & AAHL 2007;
Kirkland 2007).

Several ‘pen side’ tests are also available to identify Influenza A specific proteins
or H5 antigen in the field. These tests typically have lower diagnostic sensitivities
(in the range of 36.3% to 88.9%) compared with Influenza A RT-PCR tests
(Cattoli et al. 2004; Chua et al. 2007). Although the high diagnostic specificity of
these tests (99.5 to 100%) means that these tests have a high positive predictive
value, these tests have a lower negative predictive value compared with RT-PCR
based tests. Thus negative test results can offer lower confidence about the
presence or absence of infection. In certain circumstances, where access to
laboratory diagnostic support is limited, these tests might have a role in the
screening of field samples, particularly where there is a suspicion that infection is
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present in the flock (e.g. through historical evidence and clinical signs). Because
samples can be shipped relatively quickly to diagnostic laboratories in Australia,
these tests provide little advantage for screening of samples for surveillance
purposes.

2.5.2 Pathotyping
After an AI virus is isolated, its pathotype can be confirmed by molecular
sequencing or in vivo testing. As mentioned earlier, molecular sequencing of the
HA gene can also be used to identify the presence or absence of nucleotides
coding for a sequence of basic amino acids at the cleavage site of the HA protein.
Because sequencing is substantially faster than challenge studies, with a
turnaround time of between 2 and 3 days, it is the preferred method for
pathotyping AI viruses in Australia (Animal Health Australia 2008a).

2.5.3 Detection of antibodies
Prior infection with Influenza A virus can be rapidly identified in a matter of
hours by detecting Influenza A specific antibodies using a competitive enzyme
linked immunosorbent assay (cELISA) test, available at AAHL and state and
territory laboratories, to detect antibodies against Influenza A nucleoprotein. This
test has been validated for detecting AI in poultry (Daniels et al. 2007). Results of
validation studies of this test have not been published from Australian
laboratories, but this cELISA test has been reported to have very high sensitivity
and specificity of 100% and 99.5% in chickens, turkeys and domestic ratites
(emus and ostriches) overseas (Shafer et al. 1998). Because of its high throughput,
high sensitivity and rapid turnaround time of one day, this test is useful for
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screening purposes. Like the RT-PCR test, it was used successfully during the
2007 EI epidemic in Australia (Daniels & AAHL 2007; Kirkland 2007).

HI and NI tests are also available at AAHL which can be used to identify
antibodies to different HA and NA subtypes by comparing the ability of serially
diluted serum samples to inhibit the haemagglutinin and neuraminidase activity of
reference panels of HA and NA antigens, respectively (Animal Health Australia
2008a).

Using serological tests to identify previous infection in vaccinated poultry can be
difficult because of difficulties distinguishing an antibody response to infection in
birds with vaccination-induced antibodies. Several techniques to differentiate
infected from vaccinated animals (DIVA) have been developed or proposed.
DIVA strategies that can identify infection in vaccinated animals are discussed
further in Section 2.6.7.2.

2.6

Policies for the control and eradication of HPAI in
Australia

Australian governments and poultry industries have developed policy guidelines
for the control and eradication of HPAI and H5 or H7 LPAI should there be
incursions into poultry. These are detailed in the Australian Veterinary
Emergency Plan Disease Strategy (AUSVETPLAN) for AI (Animal Health
Australia 2008a). Under these guidelines, an aggressive ‘stamping-out’ policy is
preferred, aiming to rapidly eradicate infection, so that affected poultry industries
could return to normal operations as soon as possible.

34

CHAPTER 2

The principles of this policy are to:
o identify Infected Premises (IPs) and determine the extent of infection by
active and passive surveillance and tracing of contacts from IPs;
o rapidly cull all birds on IPs and disinfect and decontaminate the site; and
o reduce transmission by quarantining movements of poultry and fomites
from IPs, suspected premises (SPs) and premises known to have a risky
contacts with IPs (dangerous contact premises or DCPs), and by
implementing movement and biosecurity controls in regions surrounding
IPs.

Under some circumstances, the use of vaccination may be considered to reinforce
a stamping-out strategy, particularly to restrict virus transmission to a certain
geographical area or to reduce the potential viral output of at risk flocks, if they
become infected. There is also provision to use vaccination to protect rare,
endangered or high genetic value birds. Although not considered in
AUSVETPLAN, vaccination may also be considered in poultry industry sectors to
reduce the risk of introduction of infection. For example, the Netherlands
vaccinated free-range flocks in 2006 to reduce the risk of Asian-lineage H5N1
becoming established in poultry after contact with infected wild birds (van den
Berg et al. 2008). Pre-emptive culling of poultry may also be considered on at risk
premises, particularly those in the vicinity of IPs or on DCPs considered at high
risk of infection (Animal Health Australia 2008a).
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2.6.1 Quarantine of infected, suspected and dangerous contact
premises
The rapid implementation of quarantine restrictions on IPs, DCPs and SPs is
considered important to limiting the secondary spread of infection. This would
involve the restriction or prohibition of the movement of birds, products or
materials onto and off these premises. People moving to and from these sites
would be required to change clothing and footwear and to undergo
decontamination procedures. Vehicles leaving each site would require thorough
decontamination and disinfection. The access of wild birds to the premises would
be restricted, and insect and rodent controls would also be applied to minimise
mechanical transmission to nearby premises (Animal Health Australia 2008a).
Specific guidelines for quarantine restrictions for IPs, DCPs and SPs are presented
in Table 2-4.

Table 2-4 Recommended quarantine restrictions for Infected Premises (IPs),
Dangerous Contact Premises (DCPs) and Suspected Premises (SPs). Developed from
AUSVETPLAN (2008a).
Activity
IPs
DCPs
SPs
Movement in and out of people



Movement in and out of vehicles



a
a
Movement in of feed


a
Movement in of susceptible birds
b


Movement out of abattoir waste
a


Movement out of cage or zoo birds
b


Movement out of dead birds



a
a
Movement out of equipment and feed


a
Movement out of fertile eggs
a


Movement out of fresh/frozen meat, offal and waste
 a, b, c


from susceptible birds
Movement out of horticultural and agricultural crops 


Movement out of litter and manure



a
a
Movement out of non-susceptible species


a
Movement out of poultry
b
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Table 2-4 Recommended quarantine restrictions for Infected Premises (IPs),
Dangerous Contact Premises (DCPs) and Suspected Premises (SPs). Developed from
AUSVETPLAN (2008a).
Activity
IPs
DCPs
SPs
Movement out of table eggs
a


 prohibited unless under exceptional circumstances exist;  allowed by permit; 
allowed without permit; a potential fomites to be sanitised, disinfected and/or
decontaminated as appropriate; b provided negative surveillance in HPAI epidemics; and c
subject to heat treatment

2.6.2 Disease control zones and movement restrictions
Restricted Areas (RA) zones would be declared within a radius of one to five
kilometres around IPs and as many DCPs and SPs as possible. A Control Area
(CA) would be set up as a transitional zone between the RA and uninfected areas.
This would extend at least 2 to 10 kilometres from the RA boundary. Initially,
when little may be known about the extent of the epidemic, the CA might be as
large as the geopolitical boundary of the infected state/territory jurisdiction, but
after the extent of infection is determined it may be reduced consistent with
AUSVETPLAN guidelines to limit the indirect impacts upon poultry producers in
uninfected regions. Authorities would prohibit or control the movements of
susceptible birds, poultry products, litter and manure, feed and vehicles in the RA
and CA (see Table 2-5). Movement restrictions may disrupt normal operations,
particularly on chicken meat broiler farms which can face profound animal
welfare problems if birds are not permitted to move to slaughter. In these
instances welfare slaughter may be necessary, however AUSVETPLAN also
contains provisions for broiler chickens to be moved to slaughter from within the
RA, if they have tested negative for HPAI within the past 24 hours (Animal
Health Australia 2008a).
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2.6.3 Tracing of dangerous contacts from infected premises
Tracing would involve the identification of movements of live birds, poultry
products, people, vehicles or equipment onto or off IPs between 21 days prior to
the identification of first clinical signs of infection and the start of quarantine. The
purpose of tracing is to identify the source of infection and to identify premises
that might have been exposed to infection. Tracing is a complex task and the
identification of contacts that occurred up to three weeks earlier can be difficult in
instances where detailed production records are not kept. After contacts are
identified, tracing managers must then assess the risk of onward transmission by
each contact. Premises that have experienced ‘risky’ contacts are determined to be
DCPs, placed under quarantine and put under surveillance to evaluate their
infection status.
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Table 2-5 Recommended movement restrictions for Restricted Areas (RAs) and
Control Areas (CAs). Modified from AUSVETPLAN (2008a).
Activity
RA
CA
a, b, c, d
Movement of poultry out of region

 a,b,c,d
a, d
Movement of cage or zoo birds out of region

 a, d
Movement of susceptible adult birds into region
 d, e
d
Movement of susceptible birds within region
f

Movement of susceptible birds of all types through
d
f
region
Movement of day-old chicks out of region
d

Movement of replacement birds (pullets, breeders)
 a, d

out of region
Movement of litter and manure out of region
d

Movement out of feed and equipment out of region
d
d
Operation of risk enterprises within region (e.g. avian
d

laboratories, cull hen collectors, dead bird pickups)
Conduct of sales, shows, zoos, pet shops, aviaries,


pigeon races etc within region
Movements of poultry and products in region to and
g
 d, h
from processing plants
Movement of fresh/frozen meat, offal and waste from


susceptible birds into or within region
Movement of fresh/frozen meat, offal and waste from
 c, d
d
susceptible birds outside region
Movement of table eggs into or within region


d
Movement of table eggs out of region

d
Movement of fertile eggs into or within region


d,g



Movement of fertile eggs out of region

d
Movement of egg pulp from plants into or within


region
Movement of egg pulp from plants outside region
 c, d
d
 prohibited unless exceptional circumstances exist;  allowed by permit; 
allowed without permit; a provided negative surveillance on source farm; b birds
subject to immediate slaughter in CA under supervision at approved abattoirs; c
eventual product subject to heat treatment and waste must be disposed of by
approved means; d fomites to be sanitised, disinfected and decontaminated as
appropriate; e for immediate slaughter; f not to be unloaded; g prohibited unless under
exceptional circumstances for HPAI epidemics; h for HPAI epidemics, poultry from
the CA can be processed following on-farm inspection within the previous 24 hours
and poultry from outside the CA can be processed without restrictions; and i
destination flocks subject to surveillance.
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2.6.4 Active and passive surveillance
After a provisional diagnosis of HPAI is made, an active surveillance campaign
would be implemented on at risk smallholder and commercial poultry holdings.
Initially, a sampling frame would be developed by identification and mapping of
commercial poultry premises in the region from reviewing state/territory
government records and consultation with industry representatives. The targeted
sampling of dead birds from poultry farms would reduce the risk of surveillance
teams transmitting infection between farms during field visits because carcases
can be collected by farm staff and left for collection outside the farm boundary,
and minimises the amount of labour required to monitor farms. Dead birds would
be post-mortemed at a local laboratory and tracheal and cloacal swabs would be
sent for laboratory testing. AUSVETPLAN lists targets for dead bird surveillance
of 50% of poultry farms in the RA and 10% in the CA per week.

Passive surveillance would be encouraged through media awareness campaigns,
and regular contact with farm staff in the RA and CA would be maintained via
telephone or fax. Hotlines would be set up for the reporting of suspicious clinical
signs. Such farms are designated as SPs. SPs would then be subject to one or more
rounds of dead bird sampling or surveillance visits to clarify their infection status
as soon as possible. During an epidemic response, surveillance in wild birds
would be limited to the investigation of unusual morbidity and mortality events
(Animal Health Australia 2008a).

Rapid virological and serological tests, particularly the Influenza A or H5/H7
PCR tests and cELISA test (discussed in Section 2.5), would be particularly
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important to screen large numbers of samples and to quickly determine the extent
of infection in different regions.

2.6.5 Culling and disposal of poultry
The rapid destruction of poultry, the disposal of carcases and other contaminated
material, and the decontamination and disinfection of IPs is a core component of
the control and eradication strategies for HPAI in Australian poultry.
AUSVETPLAN policy guidelines also have provision for the pre-emptive culling
of at risk poultry, including those on DCPs and in the vicinity of IPs. Pre-emptive
culling may be considered, particularly if infection is spreading rapidly, but it may
not be necessary in all situations (Animal Health Australia 2008a).

The humane and rapid destruction of tens or hundreds of thousands of poultry on
a farm poses a substantial logistic problem for animal health authorities.
Asphyxiation by CO2 gas, either in sealed sheds or mobile containers, is currently
the method of choice in Australia (Animal Health Australia 2010) and a recent
field trial conducted in NSW that involved the sealing and gassing of empty
poultry sheds demonstrated its safety and efficacy (Animal Health Australia
2007a).

The challenge of disposing of poultry carcases and contaminated litter and manure
can be massive: one broiler shed alone may contain approximately 80 tonnes of
litter and birds (Animal Health Australia 2006c). Several methods can be used to
dispose of large volumes of dead poultry and litter. These include composting,
burial, incineration and rendering (see Brglez & Hahn 2008 for a review).
Although each situation will be different, composting and subsequent burial of
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material is probably the most favourable method under Australian conditions,
because of environmental, biosecurity and logistical concerns regarding
incineration and rendering (Animal Health Australia 2008a). Composting is
preferred because it rapidly inactivates AI viruses in less than 10 days (Senne
1994) and the process can be started on material stored in enclosed poultry sheds,
which may reduce the risk of secondary spread (Animal Health Australia 2008a).

2.6.6 The decontamination and disinfection of farms and
equipment
The decontamination of buildings, vehicles, equipment, effluent and other
materials on depopulated premises involves the removal of all potentially
infectious organic material and the disinfection of all surfaces with appropriate
agents (e.g. soaps and detergents, oxidising agents, alkalis or aldehydes). All
potential fomites that cannot be adequately disinfected would be destroyed.
Potentially contaminated drinking water would be drained to pasture, if possible.
Feed that had not been in contact with potentially infected birds may be kept,
provided there is no evidence of contamination, otherwise it would be destroyed.
Even the most thorough disinfection and decontamination of IPs will not
neutralise all virus initially; however, it is thought that exposure to heat,
desiccation and sunlight whilst the farm is prevented from being restocked should
reduce environmental contamination with AI viruses (Animal Health Australia
2008b).
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2.6.7 Vaccination and methods to differentiate infected and
vaccinated animals (DIVA)

2.6.7.1

Purposes of vaccination in emergency response

As stated earlier, the preferred approach to managing epidemics of HPAI in
Australia is to eradicate infection without using vaccination. Vaccination alone is
not considered an effective strategy to control and eradicate HPAI because it does
not prevent infection or shedding in individual birds and could lead to the
inapparent circulation of infection (Swayne 2006). However, under certain
circumstances vaccination may be used in combination with culling, quarantine,
movement restrictions and surveillance programs to control and eradicate an
epidemic, provided adequate surveillance and monitoring programs are in place to
assess its efficacy in the field.

In particular, vaccination may be useful to:
o reduce the level of viral output in flocks that are at high risk of becoming
infected, particularly if there are potential limitations on the destruction
and disposal of poultry (suppressive vaccination);
o contain infection in a particular geographical region by vaccinating poultry
in a geographical buffer zone around the area (buffer vaccination);
o protect high genetic value birds, such as great-grandparent and
grandparent breeders or rare species, from infection and clinical disease
(protective vaccination); and
o prevent the introduction of infection from wild birds in high risk regions or
production sectors, such as free-range birds (preventive vaccination).
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The decision to implement these vaccination strategies depends upon the
effectiveness and availability of the chosen vaccine, the resources available to
conduct vaccination and surveillance, the demographics of the poultry population
in an infected area, the extent and clinical impact of infection in the field, the
likely rate of transmission, and the resources available to identify infection, cull
and dispose of infected poultry.

2.6.7.2

Commercially

available

AI

vaccines

and

DIVA

technologies
Two AI vaccination technologies are licensed internationally: oil-adjuvinated
inactivated vaccines and genetically modified vaccines, using fowlpox or
Newcastle Disease (ND) viral vectors (van den Berg et al. 2008). Oil-adjuvinated
inactivated vaccines would be the most likely vaccines used in an emergency
response in Australia (L. Post, pers. comm., September 2008), and there are
currently four inactivated AI vaccines registered in Australia for emergency use
(APVMA, 2011). A major disadvantage of these vaccines is that they must be
given by parenteral injection, which is labour intensive because it requires
handling individual birds (van den Berg et al. 2008).

Recombinant fowlpox vaccines have been developed, primarily for administration
to day-old chicks. This allows automated vaccination in the hatchery and reduces
resource requirements. Commercially available vaccines are effective in the
presence of maternal immunity to fowlpox and AI, but are ineffective in older
birds with active immunity against fowlpox (Bublot et al. 2006). This precludes
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its use in adult poultry in Australia because fowlpox is endemic and vaccination is
commonly used to control the disease. Furthermore, studies indicate that H7
fowlpox vectored vaccines have questionable efficacy against Australian H7
strains (Bublot et al. 2006). H5 recombinant ND-vectored vaccines are licensed in
Mexico and China and offer the advantage of providing immunity after mucosal
exposure. Although published studies have inoculated birds by eye drop, it is
possible that protection could be achieved after mist or exposure in drinking
water, which would substantially reduce labour requirements (van den Berg et al.
2008). However, anecdotal evidence from field use in China indicates that
multiple administrations are required to provide protective immunity (van den
Berg et al. 2008).

As mentioned earlier, one of the concerns about using vaccination for the control
and eradication of HPAI is that it may be difficult to identify the circulation of
virus in vaccinated poultry flocks, making vaccinated flocks potential reservoirs
of infection. Several methods for DIVA testing have been described to detect
infection in vaccinated flocks. Sentinel surveillance involves the placement of
unvaccinated sentinel chickens in vaccinated flocks and monitoring them for
clinical or serological signs of infection or death. The advantages of this approach
for detecting HPAI are that because of the virus’s virulence, unvaccinated birds
are likely to develop clinical signs or die from infection, thus infection may be
detected more rapidly than the serological methods discussed below.

Recombinant fowlpox- and ND-vectored vaccines lack Influenza A internal
proteins, so the detection of antibodies against NP in a vaccinated flock by
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cELISA would indicate that it has been exposed to AI. Another method involves
using whole inactivated AI vaccines that contain a different NA antigen than the
circulating virus. Under this strategy flocks are sampled to detect NA antibodies
specific to the circulating virus strain. Although this method has been used
successfully in Italy for H7N3 LPAI (Cattoli et al. 2006), it has yet to be validated
for HPAI. Furthermore, results of challenge studies using Asian-lineage H5N1
HPAI and commercially available inactivated H5 vaccines indicate that apparent
seroprevalence of viral NA antibodies can be very low (i.e. between 11% and
20%) in vaccinated chickens after infection (Swayne et al. 2006), which may
reduce the overall sensitivity of this method to detect infection in a flock.

2.6.8 Restocking of culled farms
The current policy is to prohibit the restocking of former IPs or pre-emptively
culled SPs or DCPs until 21 days after the decontamination and disinfection of the
site and the epidemic is under control in the region (Animal Health Australia
2008a).

2.7

Likelihood of future HPAI outbreaks in Australia

It is unlikely that AI viruses would be introduced into Australian poultry from
overseas through the trade in poultry or poultry products because Australia
prohibits the importation of live poultry, and imported chicken meat and egg
products must be cooked or otherwise treated under conditions sufficient to
inactivate AI viruses. The Australian Quarantine and Inspection Service maintain
stringent border security in Australia, minimising the risk of AI entry via illegally
imported poultry products or live birds.
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Australian waterfowl are not migratory and therefore are unlikely to introduce
infection from areas affected by Asian-lineage H5N1 HPAI in southeast Asia.
Recent risk assessments indicate that the likelihood of migratory shorebirds
introducing Asian-lineage H5N1 HPAI from southeast Asia into Australian
poultry is very low (East et al. 2008). This is supported by analysis conducted on
the structure of the HA gene in four of the five Australian HPAI viruses, which
revealed that Australian H7 viruses are phylogenetically distinct from American
and Eurasian H7 viruses, indicating that introductions of H7 AI viruses into
Australia from overseas may be relatively rare (Banks et al. 2000). However,
surveillance conducted between 2005 and 2007 has shown that H5 and H7 AI
viruses continue to circulate in wild birds in Australia (Haynes et al. 2009) and are
assumed to be endemic in wild birds at a low prevalence.

Because the ecology of AI viruses in Australian wild birds is not well understood,
H5 and H7 AI viruses endemic in wild birds must be considered to pose a
continuous low level threat to the Australian poultry industries. Because of this,
chicken meat and egg industry bodies have developed biosecurity codes of
practice that include measures such as bird-proofing sheds, feeding free-range
flocks indoors and fencing off surface water to limit direct contact between wild
birds. These codes of practice also contain standards for the treatment of surface
water implemented in these industries to reduce the chances of poultry being
exposed to AI viruses from drinking water contaminated with waterfowl faeces
(Grimes & Jackson 2001; ACMF 2003). The major duck and turkey integrators in
Australia have similar biosecurity protocols in place across their operations (D.
Rowland, pers. comm., September 2008).
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2.8

Discussion and conclusions

Preparedness for potential epidemics of HPAI in Australia is important because
they can have major animal health, public health, environmental and economic
impacts for poultry producers and the broader community. Past experience in
Australia and overseas indicates that the emergence of HPAI from precursor
H5/H7 LPAI viruses may be relatively rare, with just 27 distinct HPAI virus
lineages reported in poultry globally between 1955 and 2009 (Perdue & Swayne
2005; OIE 2009b). However, large HPAI epidemics have occurred in modern
commercial poultry production systems in Italy, the Netherlands and Canada,
indicating that infection can spread extensively between commercial farms.
Although the past five epidemics of HPAI in Australia were eradicated relatively
rapidly with little or no secondary spread, the risk of transmission between farms
in different regions and industry sectors in Australia are not well understood,
particularly for high poultry density regions.

An understanding of the impacts of HPAI in different regions and poultry industry
sectors is important for preparedness purposes. Although policies to control and
eradicate future epidemics of HPAI in the Australian poultry industries are well
documented in AUSVETPLAN (Animal Health Australia 2008a), investigating
the consequences of incursions in different regions of the country and in different
industry sectors would allow preparedness and surveillance activities to be
targeted at areas or sub-populations at greater risk of infection. Furthermore, a
better understanding of how different mitigation strategies and different sized
disease control zones would affect the time, magnitude and spatial distribution of
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a HPAI epidemic would assist animal health policy makers develop response
strategies whilst minimising the impact on the affected industries.

Increasingly, epidemiological models have been developed to support policy
development for the management of infectious animal diseases. In the absence of
recent experience of disease, they can be used to study the potential outcomes of
different hypothetical outbreak scenarios. The principles of epidemiological
modelling for animal health policy development are reviewed and several
published examples of models used for HPAI are discussed in the next chapter.
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Chapter 3. Principles of epidemiological modelling
and applications for HPAI

3.1

Introduction

Policy decisions regarding the control of infectious diseases are often made
despite an imperfect understanding of the interactions between agent,
environmental and host level factors that affect transmission of infection and
development of disease. Epidemiological models offer a way to address these
uncertainties by combining available information on infection dynamics from
field and experimental studies with expert opinion to gain insights into disease
transmission and control. In this chapter, epidemiological models are defined as
mathematical or logical representations of the infection process over time, which
are developed to make inferences about the transmission of infectious diseases
within or between populations of animals. This definition does not include
associative models, which are used to describe associations between exposure and
disease using statistical models fitted to data. Although associative models can be
useful to estimate parameters and analyse experimental or observational data,
these statistical approaches are not discussed in detail here.

This chapter briefly describes the principles of epidemiological modelling,
outlines stages in model development and reviews published descriptions of
models that have been used to study highly pathogenic avian influenza (HPAI)
within flocks and between farms.
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3.2

Why use epidemiological models?

Epidemiological models can provide insights into the dynamics and control of
infectious diseases in animal populations. They can be useful in cases where it is
impractical or impossible to conduct experimental or field studies — in particular,
to investigate the potential impacts of exotic diseases for preparedness purposes
(Garner & Beckett 2005), or to generate hypotheses about factors involved in the
persistence of endemic diseases in populations (Chapagain et al. 2008). They can
also be used to assist resource planning and economic assessments (Kobayashi et
al. 2007); to assess the accuracy and timeliness of detection of infection in
surveillance systems (Rovira et al. 2007); to identify important but poorly
characterised components of a system for further empirical research (Stringer et
al. 1998); to conduct retrospective analysis of past epidemics to investigate
alternate control strategies (Mangen et al. 2001); and to describe hypothetical
epidemics for training purposes (Harvey et al. 2007). The use of epidemiological
models to provide assistance to policy makers during epidemics is controversial,
because biological systems are inherently variable and predictions may not be
sufficiently accurate and precise for use in the day to day management of
infectious diseases. Indeed, the use of models as decision support tools in the face
of epidemics attracted much criticism after the 2001 foot-and-mouth disease
(FMD) epidemic in the United Kingdom (Kitching et al. 2006).

3.3

Model validity

All models contain assumptions about the behaviour of the system they represent.
No model can ever be considered a complete representation of a system because
their assumptions can never be proved to hold under all possible situations.
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However, some approaches can be more suited to investigate certain types of
problems than others. Model validation is the process of determining whether a
model is an appropriate representation of a system in order to achieve the
particular aims of a given study.

A model can be considered ‘valid’ if the data and analysis used in its construction
are adequate (data validity); its underlying assumptions are considered appropriate
(conceptual validity); these assumptions have been correctly implemented as code
(model verification); and the model’s outputs are sufficiently accurate for its
intended use (operational validity) (Sargent 1982; Sargent 2007). In instances
where the validity of data is limited, studies involving the systematic variation of
a model’s input parameters can be conducted to investigate how uncertainty in
parameter estimates or logical assumptions affect the precision of a model’s
outputs (sensitivity analysis) (Iman & Helton 1988).

3.4

Stages of epidemiological model development

This section proposes a 10-stage process for developing valid epidemiological
models (Figure 3-1), adapted from the work of Dent & Blackie (1979) and Taylor
(2003).

3.4.1 Determine the system and objectives of the modelling
study
The first stage of model development is to clearly define the objectives of the
study, identify the system to be modelled and choose appropriate outputs to
monitor the behaviour of the model (Dent & Blackie 1979). This is important
because the objectives of the study affect the scale, methods, level of detail, and
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the required level of precision and accuracy of a model. Some common objectives
of epidemiological modelling studies are listed in Section 3.2.

3.4.2 Collect information and analyse data on the study
population and the epidemiology of infection and disease
Reviewing the structure and dynamics of the study population and relevant
features of the transmission and control of infection is fundamental to the
development of a conceptually valid model (Taylor 2003). This step in model
development is analogous to the hazard identification stage of risk analysis, and
should aim to develop a list of factors which may affect accuracy and precision of
the chosen model outputs. Once potentially important factors have been identified,
relevant data should be collected to specify model parameters. This stage can
involve the analysis of field and experimental data and literature reviews. Models
may also be calibrated by adjusting parameter estimates to data from the real
system. Collaboration between model developers and subject matter experts (such
as veterinarians, virologists, microbiologists and agricultural scientists) is
important to ensure that a conceptually valid model is developed (Taylor 2003).
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1. Determine the purpose, system and objectives
of the modelling study

3. Develop a conceptual model

4. Conceptual model validation

5. Model formulation and/or programming

6. Model verification

7. Sensitivity analysis

If errors are found, review stage 5

If not valid, review stages 1, 2 and 3

2. Collect information and analyse data on study
population and the epidemiology of infection
and disease

8. Operational validation

9. Model experimentation

10. Interpreting outputs and communicating
results

Figure 3-1 Stages of model development, after Dent & Blackie (1979) and
Taylor (2003).
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3.4.3 Develop a conceptual model
A conceptual model is a verbal or graphical representation of a system that can be
used as a basis for the design of a model (Sargent 1982). Ideally, it should be
formulated into a document which describes the chosen modelling method(s),
model assumptions and parameter estimates. There are many different modelling
approaches available to study the transmission of infectious diseases, and the
choice of an approach depends upon how applicable it is to the particular problem,
the quantity and quality of available data and the background of the modelling
group. In choosing a particular modelling approach, modellers should consider
how to represent the study population, the progress of infection in individual
units, the passing of time, spatial relationships, variability and uncertainty, and the
transmission of infection (Hurd & Kaneene 1993). These decisions will also affect
the method used to generate model outputs, by determining either a closed form
mathematical solution or by simulation methods, which derive results using
numerical substitution. These modelling approaches are discussed in more depth
in Section 3.5. The conceptual model document should discuss the limitations and
assumptions of the chosen method(s) so that the validity of the approach can be
assessed.

3.4.4 Conceptual model validation
Conceptual model validation is the process of determining whether the theories
and assumptions in the conceptual model are appropriate for a model’s intended
use. One technique to assess the validity of a conceptual model is to seek
comment on the suitability of its design from subject matter experts. This is
known as face validation because it seeks to identify whether a model appears ‘on
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face value’ to adequately represent what is known about the study system (Sargent
1982). If the proposed conceptual model is not valid, then its design should be reevaluated and further information and data may need to be collected about the
processes (Sargent 1982).

3.4.5 Model formulation and/or programming
The conceptual model is then implemented as a system of equations or as a
computer algorithm. This can involve the use of a general purpose programming
language (e.g. Java (Sun Microsystems Inc, Santa Clara, CA, USA) or Visual
Basic (Microsoft Corporation, Redmond, WA, USA)), scripting languages (e.g. R
(R Development Core Team, Vienna, Austria) or MapBasic (Pitney Bowes
Business Insight, Troy, NY, USA)), spreadsheets (e.g. Excel (Microsoft
Corporation, Redmond, WA, USA)), or specific mathematical or simulation
software packages (e.g. Mathematica (Wolfram Research, Champaign, IL, USA)
or @RISK (Palisade Corporation, Ithaca, NY, USA)). The choice of software
often depends upon the design of the conceptual model and the experience of the
modellers.

3.4.6 Model verification
Model verification is the process of checking that the conceptual model has been
adequately translated into formulae or computer code, and that it performs as
intended. This may involve structured assessments of the model’s formulae or
code, or systematic checking of the behaviour of internal components of the
model (Sargent 1982). If coding or logical errors are found, the model’s code or
formulae should be revised as appropriate.
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3.4.7 Sensitivity analysis
Gathering quality data to parameterise epidemiological models can be
challenging, particularly if there is little or no contemporary experience with the
agent of interest in the study population, as is the case for many emerging or
exotic diseases (Garner & Beckett 2005). In cases where data validity may be
limited, the importance of individual parameters, whose values may be uncertain,
can be assessed by conducting sensitivity analysis studies. These involve varying
a model’s input parameters systematically to investigate how uncertainty in
parameter estimates influence the model’s outputs (Iman & Helton 1988). If a
model’s outputs are sensitive to the values of one or more poorly characterised
parameters, then its credibility may be enhanced by increasing the precision
and/or accuracy of these estimates. Alternatively, users may have increased
confidence in a model’s performance if its outputs do not change by biologically
significant margins when uncertain parameter estimates are varied. Sensitivity
analysis can also be useful to develop an understanding of interactions between
internal processes and parameters in a model (Frey & Patil 2002).

3.4.8 Operational validation
The operational validity of a model can be assessed in a number of ways. These
methods include subjective assessments of the model’s internal behaviour and
results by experts (using visualisation or sensitivity analysis techniques) (Sargent
1982; Sargent 2007), relative validation by comparing results of other models
(e.g. Dubé et al. 2007), and comparison of the internal behaviour and results of a
model with observations from the system being modelled (Sargent 1982; Sargent
2007). The latter approach can be achieved by comparing outputs with historical
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results not used in the development of the model or by evaluating the model’s
ability to predict the future behaviour of the system (Sargent 1982).

3.4.9 Model experimentation
The nature of studies conducted obviously depends on the objectives of the
model, but they often involve investigating the detection, transmission or control
of infection under different starting conditions or evaluating factors leading to
endemic infection in different populations. This may involve designing
hypothetical model scenarios to investigate the behaviour of the model under
certain circumstances. Methods used to compare results from different model
scenarios are discussed in Section 3.5.7.

3.4.10

Interpreting outputs and communicating results

The findings of epidemiological models must be interpreted in the context of the
limitations of the approach, assumptions made about the behaviour of the system
and the quality of data used. As a general rule, inferences made from models that
have not been fully validated for the current problem should be made with
caution. Epidemiological models are just one of a number of sources of
information available to assist the decision making process, and policy makers
should consider results of modelling studies in association with information from
traditional epidemiological studies, experimental studies, expert opinion and other
sources (Garner et al. 2007).
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3.5

Considerations in epidemiological model design

3.5.1 Representing the study population
The choice of appropriate unit or units of interest is a fundamental decision in
model development and depends upon the purpose and scale of the intended study
and the quality and availability of data. For example, studies to investigate the
timeliness of different surveillance schemes to detect an acute infection within a
group of animals may decide to use animals as the unit of concern (e.g. Rovira et
al. 2007). However, studies to quantify the potential impacts of an exotic disease
epidemic on a regional level often use farms as the basic unit (e.g. Bates et al.
2003; Le Menach et al. 2005; Boender et al. 2007b; Tildesley & Keeling 2008). In
some circumstances a nested approach may also be considered, where multiple
models with different basic units are combined to incorporate the transmission of
infection on more than one level (e.g. Graat et al. 2001; Fischer et al. 2005;
Klinkenberg et al. 2005; Yamamoto et al. 2008).

Models may represent units as continuous or discrete entities. Continuous entity
models represent the study population as the number or proportion of units in a
series of infection states and/or risk categories. Such an approach may be
considered in cases where contact between units in the population is considered to
be relatively homogeneous and there are a limited number of host risk factors to
be incorporated into the model. Discrete entity models, also known as microsimulation models or agent based models, represent units in the study population
individually (Hurd & Kaneene 1993; Getz et al. 2005). This approach allows
detailed information about individual units, such as infection states and/or risk
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categories, to be captured in a model and can be useful in situations where risk
factors are not homogeneously distributed throughout the study population.

3.5.2 Representing

the

course

of

infection

and

other

characteristics of the study population
A common assumption used in many epidemiological models is that the infection
status of individual units can be described by a finite number of mutually
exclusive infection ‘states’, and that the progression of infection can be
represented by the movement of units to other states (‘transitions’) in a
predetermined progression after particular events occur. For example, in the HPAI
models described in Section 3.6, the disease status of a population of animals or
farms are represented by the following set of mutually exclusive disease states:
Susceptible (i.e. susceptible to infection), Latent (i.e. infected but not yet
infectious), Infectious (i.e. infected and infectious to other units) and Removed
(i.e. removed from the population after death or recovery from infection).
Susceptible units become Latent after infection is transmitted from an Infectious
unit. After a latent period has elapsed, Latent units become Infectious. Infectious
individuals become Removed after an infectious period has elapsed.

Other dynamic factors that could affect the behaviour of the system, such as
births, deaths, migration, partial immunity and ageing, can be captured by
including appropriate states and transitions between states in a model.
Demographic factors, such as species, genotype or production class, can be
incorporated by dividing the study population into relevant risk categories (Getz
& Lloyd-Smith 2005) or included as attributes of individuals in discrete entity
models.
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Although less commonly used in animal health, there are other modelling
approaches that do not involve the stratification of the study population into
different infection ‘states’. For example, branching process models simulate the
transmission of infection between infected units to the next generation of new
infected units. In this approach, it is often assumed that the population is
sufficiently large so that local exhaustion of susceptible units will not affect the
transmission of infection and that the number of secondary infections per primary
infection is independent and identically distributed (e.g. Woolhouse et al. 2001;
Woolhouse 2003).

3.5.3 Representing time
The passing of time can either be represented as a discrete or a continuous
process. Discrete time models divide time into equal units and for each time
interval, the model progressively updates the collective state of the population.
The choice of an appropriate time unit largely depends upon the dynamics of
infection, the quality of data and the level of temporal resolution that policy
makers require in the results. For example, for acute viral infections such as FMD
or classical swine fever, discrete time models commonly represent time as a series
of daily steps (e.g. Jalvingh et al. 1999; Garner & Beckett 2005; Yoon et al. 2006;
Harvey et al. 2007). However, for more chronic diseases, such as bovine
tuberculosis, Johne’s disease or bovine spongiform encephalopathy, longer time
units, such as weeks or months, may be considered (e.g. Perez et al. 2002; Pouillot
et al. 2004; Jacob & Magal 2007; Kudahl et al. 2007). Continuous time models
tend to rely on mathematical approaches, using instantaneous rates of change
represented by differential equations (Anderson & May 1991), although some
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obtain results by simulation. For example, simulation may be considered if a
mathematical solution to the model’s equations cannot be easily determined.
‘Discrete event’ models are another example of a continuous time modelling
approach, in which events are scheduled to occur at particular points in
continuous time within the simulation. The model then conducts events in the
order they are scheduled. When an event is completed, the model immediately
skips to the next event in the queue, irrespective of the simulated length of time
between events (e.g. Durand & Mahul 2000; Viet et al. 2004; Detilleux 2005).

3.5.4 Representing spatial factors
Spatial factors may be incorporated into models where spatial relationships
between units are considered important in the transmission or control of infection
and where appropriate spatial data are available. As more spatially referenced
livestock data becomes available, there is increasing interest in including spatial
factors into disease models. Spatial factors can be incorporated into models in a
number of ways.

Discrete space models (also known as pseudo-spatial and cellular automata
models) assume that the study area can be represented as a layer of polygons or
points (Figure 3-2). The simplest approach is to assume that individuals are
dispersed in lattices of regular polygons (often squares or hexagons) across the
study area and that relationships between individuals are governed by the polygon
they are located in and not by the absolute distance between units or their
geographical location (e.g. Kao 2001; Doran & Laffan 2005). These approaches
can be designed so that each polygon forms a basic unit of the model (e.g. Kao
2001). Alternatively, it may be assumed that units are dispersed within the
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polygons (e.g. Savill et al. 2006; Hill et al. 2008). This approach has been used to
simulate the spread of infection between pens or cages of animals or between
geographical regions (Kao 2001; Savill et al. 2006; Hill et al. 2008). Discrete
space models can be particularly useful to model wildlife diseases, where the
assumptions about the habitat suitability of particular areas (derived, for example,
from remote sensing data) may affect the host population dynamics and
transmission of contagious diseases.

Figure 3-2 An example of spatial relationships in a spatially discrete model
(adapted from Kao 2002). The locations of individual farms are represented
as hexagonal cells arranged in a regular ‘honeycomb’ pattern. Arrows
represent the potential short distance transmission of infection from the
greyed cell to adjoining cells (solid arrow), and longer distance transmission
to non-adjoining cells (dotted arrow).

Spatially explicit models use factors which represent realistic distributions of units
in space, but these factors do not refer to specific locations. One example of this
approach is the use of a distance matrix, which describes the distance between
pairs of population units (Figure 3-3). This can be used to modify transmission or
control of infection based on proximity between specific units, without capturing
their absolute location (Keeling et al. 2001; Kao 2002).

63

CHAPTER 3

Figure 3-3 Matrices can be used to represent distances between farms in
spatially explicit models, which can then be used to determine the likelihood
of transmission between farms or implement spatially based control
strategies. Here, djk represents the distance between farms j and k (adapted
from Kao 2002).

Spatially specific models represent the point or area locations of units in the
population as geographic coordinates (e.g. Figure 3-4). This approach can be
particularly useful in situations where it is necessary to identify adjoining farms,
to incorporate irregular geopolitical boundaries as disease control zones or to
provide information about the potential spread between specific geographic
regions (Garner & Beckett 2005).

Figure 3-4 An example of a spatially specific model, where individual farm
locations are represented as points on an x and y axis. This example is from a
simulation model representing the transmission of foot-and-mouth disease
between farms (from Dubé et al. 2007).
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3.5.5 Representing variability and uncertainty
The treatment of variability and uncertainty in a model depends upon the
objectives of the model and the level of understanding of the natural system. Vose
(2008) defines variability as the ‘effect of chance’ on a modelled system. He
defines uncertainty as the ‘assessor’s lack of knowledge ... about the parameters
that characterise the physical system to be modelled’. Whilst uncertainty can be
reduced by further study or measurement, variability is a function of the system’s
behaviour and can only be reduced by changing the physical system (Vose 2008).

Models that incorporate variable and uncertain elements are described as
‘stochastic’ and those that use fixed parameter estimates are referred to as
‘deterministic’. The choice to incorporate stochastic elements in a model should
be made after considering the significance of variability and uncertainty in the
transmission and control of infection in the study population, the model’s intended
purpose, the quantity and quality of available data, and the information
requirements of policy makers. For example, variability and uncertainty may not
be considered important for models designed to investigate factors leading to the
persistence of infection in a large population of animals over a long period of time
(Greenhalgh et al. 2000). It can be important to include stochastic elements in
modelling epidemic diseases, particularly where policy makers may be interested
in the range of possible outcomes rather than just the expected or average
outcome. Stochastic models can produce probability distributions of outcomes
which can be important for policy decisions where an understanding of extreme or
unlikely outcomes of incursions is required.
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Deterministic models do not incorporate random elements and use fixed
parameter estimates they always produce the same results every time a solution is
determined for a particular set of parameters and starting conditions. The effects
of uncertainty in deterministic models can be evaluated in sensitivity analysis
studies (described in Section 3.4.8). Stochastic models use probability
distributions to describe variability and uncertainty in input parameters, and
model outputs provide an indication of the effects of variability and uncertainty of
the system. Monte Carlo methods can be used in simulation models, where
parameter estimates are randomly drawn from probability distributions every time
they are required in the model and results of multiple runs of the model are
assumed to approximate the range of possible outcomes of the system.

3.5.6 Representing the transmission of infection
The transmission of infection is the core process of epidemiological models (Getz
& Lloyd-Smith 2005). The choice of method or methods to capture this process
depends largely upon the epidemiology of the particular infection and the
representation of the study population. Spread of infection may be represented by
a single parameter that encompasses all modes of transmission. Depending on the
type of model, this may be referred to as a transmission coefficient, a basic
reproduction ratio (R0), a dissemination rate or an effective contact rate.
Alternatively, where multiple methods of infection are possible, it may be
necessary to represent these independently in the model (e.g. the models described
by Garner and Beckett (2005) and Harvey et al. (2007) represent the direct,
indirect and airborne transmission of FMD between farms). This can be useful in
studying disease control where particular control strategies may target specific
transmission pathways.
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The simplest methods of modelling the transmission of infection assume that
individual units mix randomly and homogeneously within the population and that
Susceptible units have an equal chance of becoming infected by an Infectious unit.
In these models, the transmission of infection can be represented by a range of
relatively simple mathematical functions. Three of the more common approaches
include mass-action transmission, frequency dependent transmission and chain
binomial approaches. Mass-action transmission functions (also known as density
dependent transmission functions) assume that the number of new cases in a time
period is proportional to the density of Susceptible and Infectious units in the
study area. Frequency dependent models are similar, except they assume that the
number of new cases in a time period is assumed to be proportional to the
frequency (i.e. proportion) of Susceptible units in the population and the density
of Infectious units in the study area (McCallum et al. 2001). This approach may be
considered if the chance of contact between Susceptible and Infectious units is
thought to be independent of host density. Chain binomial models assume that the
number of new cases in a time period has a binomial distribution, depending on
the numbers of Susceptible and Infectious individuals in the population. The Reed
Frost model is a common example of a chain binomial model, where the expected
number of new infections in the population in a time period is determined based
upon the number of Susceptible and Infectious individuals in the previous time
period and the probability of an Infectious individual having an ‘effective contact’
with a Susceptible individual using a binomial approach (Carpenter 1984). All of
these approaches can be modified to incorporate discrete or continuous entities,
deterministic or stochastic parameter estimates and can derive solutions by
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mathematical or simulation methods. These approaches have been reviewed in the
literature (Carpenter 1984; Anderson & May 1991; Hurd & Kaneene 1993;
McCallum et al. 2001; Getz & Lloyd-Smith 2005; Getz et al. 2005) and are not
described further here.

Homogeneous mixing approaches may not be adequate to capture the complexity
of the disease process in cases where spatial relationships and population
heterogeneity affect transmission (Garner & Hamilton in press). In these
instances, alternative approaches may be required. The spatial spread of infection
can be captured in models in a number of ways, depending upon how spatial
relationships and chance are incorporated in the model. For instance, discrete
space models can be used to model the transmission of infection within and
between lattices of polygons based upon assumptions about the probability of
spread within and between spatial units (Kao 2001; Savill et al. 2006; Hill et al.
2008). Spatially explicit or spatially specific models can incorporate functions
called transmission kernels to describe how the probability or hazard of
transmission between Infectious and Susceptible units is modified by the distance
between them (see Kao (2002) for a review). The spatial transmission of infection
can be approximated in continuous entity models by using mathematical methods
to represent transmission within and between spatial clusters of individuals (e.g.
Ferguson et al. (2001), reviewed by Kao (2002)).

Contact networks may be considered to capture more complex relationships
between units, particularly in situations where behavioural or operational
characteristics of units could affect transmission. These may be incorporated into
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discrete entity models by using contact matrices that represent the probability of
transmission between individuals (Truscott et al. 2007) or by using conditional
rules to govern contacts between units based upon their attributes (e.g. farm
production characteristics (Garner & Beckett 2005)). Mathematical techniques
can be used to approximate the network transmission of infection in continuous
entity models (Xiao et al. 2007).

Other factors, such as the relative infectiousness and susceptibility of different
units, can be incorporated into models as factors which modify the transmission of
infection from Infectious units and to Susceptible units, as relevant, based upon
unit characteristics such as the species, time since infection and/or immune status
(Keeling et al. 2003).

3.5.7 Methods of determining results
Models can generate results by mathematical or simulation methods.
Mathematical models commonly use a system of difference or differential
equations to determine a closed solution. The advantages of mathematical
approaches are that they can be relatively easy to implement and allow robust
closed form solutions to be determined; however, the disadvantages include that
as the models become more detailed, they require increasingly complex
mathematics methods which are not easily understood by the non-mathematician.
Also, it may be necessary to make simplifying assumptions, exclude some of the
heterogeneous characteristics of the study population, or modify chance elements
in the system to ensure that a mathematically tractable solution can be determined.
Simulation models determine model outcomes by substituting numbers into
mathematical equations. The advantage of this approach is that it allows a more
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realistic representation of the study population and chance events. However, the
underlying logic incorporated in these models can be very complex, leading to
longer development times and difficulties in conceptual validation, verification
and parameter estimation.

In mathematical models and deterministic simulation models, direct comparisons
of results from alternate formulations of the model are adequate because these
models produce definitive estimates of model outputs. Because stochastic
simulation models produce a range of possible outcomes, statistical hypothesis
testing or confidence intervals can be used to describe differences in output
distributions (Nakayama 2006), the assumption being that the results of a number
of runs approximate the true distribution of the model outputs. Whilst this
approach may be valid for comparing results of small numbers of iterations, when
results of larger sample sizes are compared, statistically significant differences
may be identified when outputs do not differ by a biologically significant margin
(Dickey et al. 2008). Furthermore, using statistics such as the mean or median and
relevant confidence intervals may direct attention away from the shape, variation
and range of the output distribution which may be important from a decision
maker’s point of view to identify low probability but high consequence outcomes.
In this thesis, although statistical methods have been used to compare results from
the models in studies presented in Chapters 8 and 10, inference is made by direct
comparison and consideration of the biological and operational significance of
any apparent differences. Median and 95% probability intervals (PI) are used to
describe distributions of model outputs.
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3.6

Epidemiological models for HPAI

3.6.1 Within-flock models of HPAI
The design of six epidemiological models of HPAI transmission within farms
published in the peer-reviewed literature are described in this section. All of these
studies have been used to investigate the accuracy and timeliness of different
surveillance measures to detect infection either in vaccinated or non-vaccinated
flocks (Savill et al. 2006; Bos et al. 2007; Truscott et al. 2007; Savill et al. 2008;
Bouma et al. 2009; Verdugo et al. 2009; Dorea et al. 2010). Although these
models have similar objectives and assume that the course of infection can be
represented by modifications to the traditional Susceptible, Latent, Infectious and
Removed (SLIR) framework, they differ in the way they represent units in the
population, time, space, chance and the transmission of infection. Although the
models of Bos et al., Truscott et al., Verdugo et al. and Dorea et al. were
developed to make inferences about the epidemiology of HPAI in poultry flocks
in the Netherlands, Great Britain, Chile and Georgia (USA) respectively, the other
models were designed to make general inferences about the transmission and
control of HPAI in commercial poultry flocks.

Savill et al. (2006; 2008) developed a discrete entity, discrete time, and discrete
space model to investigate the transmission of HPAI between vaccinated and nonvaccinated chickens in caged and freely mixing flocks. The objectives were to
investigate the potential infectiousness of infected and vaccinated flocks over time
(Savill et al. 2006) and to determine the sensitivity and timeliness of several flocklevel methods of detecting HPAI in vaccinated and non-vaccinated flocks (Savill
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et al. 2006; Savill et al. 2008). These surveillance methods included monitoring
unvaccinated sentinel birds for clinical signs of infection and investigating
different mortality thresholds for both caged and freely mixing flocks. The
diagnostic specificity of different mortality thresholds was also investigated. The
transmission of infection was captured in a detailed modification of the frequency
dependent transmission function, which assumed that each Infectious bird
excreted virus into its cage and contiguous cages in faeces and in respiratory
aerosol, and Susceptible birds became infected after contact with the agent in their
cage. Epidemics in freely mixing flocks were modelled in the same manner,
assuming that all birds in the flock were in a single cage. The level of
contamination in each cage was reduced over time to account for the decay of
virus in the environment. Vaccination was incorporated into the model by
probabilistically assigning each vaccinated bird a haemagglutinin inhibition (HI)
titre, which was used to determine its susceptibility, infectiousness and probability
of developing clinical signs after infection.

Bos et al. (2007) presented results of a simple non-spatial, stochastic, discrete
time, continuous entity simulation model to estimate the timeliness of mortality
thresholds to detect H7N7 HPAI in chicken flocks, to inform policy development
in the Netherlands. The study used a stochastic modification of the frequency
dependent transmission function and assumed that the number of new cases per
daily time period was binomially distributed.

Truscott et al. (2007) developed a non-spatial, deterministic, continuous entity
mathematical model to investigate the time until Asian-lineage H5N1 HPAI
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would be detected in poultry farms of different species. The purpose of this study
was to estimate parameters for a between-farm model (described in Section 3.6.2).
Although they assumed that birds mixed homogeneously, the paper does not
present the equations underlying the model and it is not clear how the
transmission of infection was implemented, or whether the passing of time was
assumed to be a discrete or continuous process. Unlike other studies presented
here, this study aimed to make inferences about the transmission of infection
within a farm, rather than just a shed of birds, arguing that if the probability of
transmission between birds in different sheds is within three orders of magnitude
of the probability of transmission for birds in the same shed, then there would be
little difference in transmission dynamics.

Bouma et al. (2009) used a non-spatial, stochastic simulation model to investigate
the effects of vaccination-derived immunity on the transmission of HPAI. It is
unclear from the brief description presented in the paper how entities and time are
represented in the model. Infection was transmitted using a frequency dependent
approach. It is unstated how vaccination is captured in the model, but given that
results from experimental studies presented in the paper indicated that no
transmission was observed between vaccinated and unvaccinated birds, it is
possible that vaccinated birds were assumed to be fully resistant to infection.

Verdugo et al. (2009) developed a non-spatial, continuous entity, discrete time
simulation model of the transmission of low pathogenic avian influenza (LPAI)
and HPAI within a single shed of birds to investigate whether mortality thresholds
in the whole flock or a sub-population of sentinel birds could be a timely indicator
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of the emergence of HPAI in a flock. Because this model is designed to capture
the co-circulation of LPAI and HPAI viruses, the SLIR approach has been
modified to incorporate states for both agents. Unlike other studies described here,
this model assumes that Removed birds are immune to infection and not excluded
from the system. Like the model of Savill et al. (2006; 2008), mortality from
LPAI, HPAI and other causes was included in the model by incorporating a series
of parameters representing the probability of mortality for each disease state.

Dorea et al. (2010) developed a deterministic non-spatial simulation model to
investigate the timeliness of mortality thresholds to detect incursions of HPAI into
a typical broiler farm in Georgia, USA. This data was then combined with expert
opinion to investigate the number of broiler farms that could have been exposed to
infection during this period. Transmission was simulated using a frequencydependent approach, using relatively high estimates of the daily transmission rate
(33 secondary cases per infectious bird per day).

3.6.2 Between-farm models of HPAI
Four between-farm models designed to investigate the transmission and control of
HPAI between commercial intensive poultry farms that were published between
2006 and 2010 are reviewed in this section (Menach et al. 2006; Truscott et al.
2007; Sharkey et al. 2007; Jonkers et al. 2009; Dorigatti et al. 2010). The model
of Sharkey et al. was also studied by Jonkers et al. (2009).

All of these models were spatially explicit, discrete time, discrete entity,
stochastic simulation models that simulated the spread of infection between
individual farms. They were designed to evaluate various combinations of control
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measures, including culling of infected farms (Le Menach et al. 2006; Sharkey et
al. 2007; Truscott et al. 2007; Jonkers et al. 2009; Dorigatti et al. 2010),
quarantine and movement controls (Sharkey et al. 2007; Truscott et al. 2007;
Jonkers et al. 2009), pre-emptive culling of neighbouring farms (Le Menach et al.
2006; Dorigatti et al. 2010), tracing (Sharkey et al. 2007); prevention of
restocking (Dorigatti et al. 2010) and emergency vaccination (Truscott et al.
2007). All of these models used modifications of the SLIR approach to represent
the reporting and quarantine statuses of Infectious farms.

These studies assumed that infection can be spread over short distances to
neighbouring farms by local spread (described in Section 2.4.9); however, the
methods used varied between the studies. Le Menach et al. (2006), in their model
of the transmission of HPAI in the Netherlands, represented the local spread of
HPAI within a radius of three kilometres as a probability distribution that did not
vary with the distance between farms, whereas Truscott et al., Sharkey et al. and
Dorigatti et al. used transmission kernels to capture local spread.

The other major point of difference between these models is how they incorporate
the transmission of infection over longer distances thorough indirect contacts. Le
Menach et al. (2006) assumed that the risk of transmission to Susceptible farms at
medium distance (3 to 10 kilometres) and long distance (>10 kilometres) from an
Infectious farm could be simulated by applying a probability distribution
representing the probability of transmission to all types of farms in these zones.

75

CHAPTER 3
Truscott et al. (2007), using a model of Great Britain’s poultry industries,
considered situations where HPAI was transmitted by local spread alone, indirect
transmission and a combination of both approaches. The indirect transmission of
infection was simulated by creating a contact network. This network was
developed assuming that farms in the same area, under the control of the same
company or supplying the same processing plant would use the same pickup or
slaughter crews and feed suppliers. These contacts were then assumed to occur
periodically. An alternative ‘fixed contact’ network model was used for sensitivity
analysis. It was developed by making assumptions about the number of contacts
each farm would have and that farms are more likely to contact each other if they
produce the same type of birds, are associated with the same company and are in
close proximity. Transmission rates between susceptible and infectious farms
were also modified by parameters representing ‘background’ contact rates and
susceptibility of farms for each scenario. The model was calibrated by modifying
these background parameters, so that the overall basic reproduction ratio (R0) for
each simulation was consistent with a priori estimates.

The Sharkey et al. (Sharkey et al. 2007; Jonkers et al. 2009) model also was
developed to investigate the transmission of HPAI in Great Britain. It simulated
the transmission of infection by local spread, and through periodic indirect
contacts (representing feed deliveries, visits by slaughter crews and company
vehicles). Although information about farm demographics (such as farm type and
vertically integrated company they were associated with) were based upon data
obtained from industry studies, these contact networks were mostly generated
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from assumptions made about catchment areas from expert opinion or
extrapolation from data from industry surveys.

Dorigatti et al. (2010) fitted a series of transmission kernels to data from the
1999/2000 HPAI epidemic in Italy, using the approach of Boender et al. (2007a).
After fitting several models, they concluded that varying transmission kernels to
account for the susceptibility of different farm types and the phase of the epidemic
(before or after the implementation of control measures) was the best fit for the
data. A unique feature of this model was that it captured the production cycles of
farms in the study population, so that the impacts of a restocking ban could be
assessed. Contact networks were not specifically incorporated into the model, and
longer distance transmission of infection was only captured through by the
transmission kernel.

Results of other HPAI modelling studies using epidemiological disease model
platforms (e.g. INTERSPREAD PLUS and the North American Animal Disease
Spread Model) (Lewis et al. 2009; Longworth et al. 2009) were presented at the
2009 International Society for Veterinary Epidemiology and Economics
Conference, in Durban, South Africa. Although these models have a spatially
explicit, stochastic, discrete entity and discrete time structure (Stevenson et al.
2006; Harvey et al. 2007), it is unclear from the brief information presented in the
conference papers how the dynamics of the study population and the transmission
and control of infection is represented in these models. It is also unclear whether
these models have been operationally validated for HPAI in the relevant study
populations.
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3.7

Discussion and conclusions

Epidemiological models can be used to gain insight into the transmission and
control of infectious animal diseases, particularly in cases where it is impossible
or impractical to conduct real studies. For models to be useful in policy
development, they should realistically represent components of the system they
are designed to emulate and must produce results that have sufficient accuracy
and precision to achieve their stated aims. Clearly, the outputs of modelling
studies must be interpreted in the context of assumptions made about the
behaviour of the system and any limitations of the modelling approach and the
quality of data used. Policy makers must evaluate the validity of a model before
interpreting and applying the findings generated by models. Conceptual and
operational validation, model verification and sensitivity analysis are therefore
integral stages in the process of model development.

This chapter has outlined some considerations modellers face in developing a
model of an infectious animal disease. These include how to represent the study
population, the course of infection, the passage of time, spatial relationships,
chance elements and the transmission of infection. In order to create a
conceptually valid model, these decisions must be made after reviewing the
structure and dynamics of the study population and the epidemiology of infection.
Each of these decisions must take into account the balance between the level of
complexity and realism required to meet the model’s objectives on one hand, and
the increasing data requirements for parameterisation on the other. Factors
influencing the choice of methods used in a model include the objectives of the
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study, the level of complexity required in the model and the experience and
background of the modelling group.

There have been a limited number of modelling studies on HPAI published in the
scientific literature. Although results of sensitivity analysis were presented for all
within-flock and between-farm HPAI models reviewed in this chapter, it appears
that none of these models have been operationally validated, making it difficult
for the reader to conclude whether these produce accurate and precise results.

There are many similarities between the within-flock models of HPAI presented
here. All used a SLIR state transition approach, and all but two used stochastic
elements. These studies differed in how they represented animals in the
population. Because flocks of commercial poultry are likely to have similar
genetic characteristics and ages, assumptions that birds in a flock can be
represented in a model as continuous entities appear reasonable. Most of the
models were designed to study the transmission of HPAI within a freely mixing
flock, and consequently assumed that birds mix homogeneously within a flock.
Most studies assumed a frequency dependent transmission function, apart from
Verdugo et al. (2009), who adopted a chain binomial approach to model the
transmission of infection. Although Savill et al. (2006; 2008) developed a
complex model representing the transmission of HPAI between birds held in
cages, assumptions that the virus can only spread to birds in the same and
adjoining cages may not hold for situations where feed, waterlines and
contaminated people disseminate virus in a flock. Furthermore, associative
modelling studies of field outbreak data has shown no difference between the R 0
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of HPAI for freely mixing and caged flocks, indicating that the overall
transmission of infection in caged flocks may be similar (Tiensin et al. 2007; Bos
et al. 2009).

The models of Savill et al. (2008) and Verdugo et al. (2009) represented the
background level of mortality in a flock to determine the specificity of different
sentinel surveillance and mortality thresholds to detect HPAI. Both studies
assumed that the probability of mortality from other causes in a flock is
independent between individual birds, which might not be valid for incursions of
other contagious diseases or, for example, where poultry are exposed to toxins or
adverse environmental conditions.

The four between-farm models of HPAI are similar in design and used stochastic,
spatially specific, discrete entity, discrete time approaches. Their major point of
difference is how the transmission of HPAI was represented and, consequently,
the level of detail, complexity and data required in the model’s design.

Short distance local spread was represented differently in each of these models.
Le Menarch et al. (2006) assumed that the probability of transmission to farms
within three kilometres would not vary with the distance between farms. Although
Sharkey et al. (2007) and Truscott et al. (2007) incorporated more complex spatial
transmission kernels, which allowed the probability of transmission to decrease as
the distance between farms increased, these functions were not developed from
observational data (discussed further in Section 5.3.3.3.1). Dorigatti et al.

80

CHAPTER 3
developed a transmission kernel from data from the HPAI epidemic in Italy
between 1999 and 2000.

Methods used to model the longer distance transmission via contact networks also
varied. Le Menach et al. (2006) applied the same probability distribution for all
farms within three different sized zones around Infectious farms, but this may not
be adequate to capture the contact networks and periodic nature of service
provider visits on farms that are evident within modern commercial poultry
production systems. In contrast, the models of Sharkey et al. (2007) and Truscott
et al. (2007) represented indirect transmission by simulating contact networks for
slaughter crews and feed deliveries.

Despite the high level of complexity incorporated in these between-farm models,
only the Dorigatti et al. model represented the routine stocking and destocking of
poultry farms, which may or may not be an important protective factor against
infection. This is discussed further in Chapters 4 and 5. Nor did these models
consider that available resources (i.e. people and equipment) could limit the
ability of authorities to implement control strategies, and all assumed that the
sensitivity of tracing, surveillance and diagnostic testing was 100%, which may be
optimistic.

Although these approaches may be appropriate to simulate the transmission of
HPAI between farms within the Netherlands, Great Britain and Italy, these models
may not be directly applicable to the Australian situation. In the next chapter, a
study of the structure and dynamics of the Australian poultry industries is
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presented to identify potentially important risk factors for HPAI transmission
between farms in Australia, as a preliminary step in the development of
AISPREAD.
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Chapter 4: Structure and dynamics of the Australian
poultry industries and potential vulnerabilities to
highly pathogenic avian influenza (HPAI)

4.1

Introduction

Gathering information and data on the structure and dynamics of the study
population, in particular those factors related to the transmission and control of
infection, is important for evaluating disease risks and a necessary step in
developing a valid epidemiological disease model (Chapter 3). In the context of
this study, which aims to investigate the magnitude, duration and control of highly
pathogenic avian influenza (HPAI) epidemics in the Australian commercial
poultry industries, it is important to consider potential factors that may lead to the
introduction and transmission of HPAI in this population.

In many outbreaks of avian influenza (AI), both in Australia and overseas, the
mechanism of introduction of infection into poultry flocks has not been
determined; however, direct and indirect contact between wild waterfowl (e.g.
ducks and geese) and poultry is regarded as an important entry pathway for AI in
Australia (Tracey et al. 2004). In at least two of the five Australian outbreaks of
HPAI, surface drinking water contaminated with waterfowl faeces was suspected
to be the source of infection (Westbury 1997; Selleck et al. 2003). As mentioned
in Section 2.4.9, infection can spread between sheds and farms by the movement
of infectious birds and mechanical transfer of infectious material on personnel,
vehicles or equipment. The significance of fomites in the secondary spread of
infection is supported by observations made during two epidemics of HPAI in
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Australia. In an epidemic that occurred in Bendigo, Victoria in 1992, the
movement of a farm worker was implicated in the spread of infection between the
two infected farms (Selleck et al. 1997) and the movements of a dead bird
collection contractor may have spread infection between the three infected farms
in the 1997 HPAI outbreak in Tamworth (Selleck et al. 2003).

At least four of the Australian epidemics occurred in regions which were reported
to have relatively low densities of poultry and poultry farms at the time, which
may have been a factor in the limited secondary spread of infection observed
(Westbury 1997). However, the consequences of HPAI incursions in high density
poultry production regions of Australia are not known and these regions might be
vulnerable to large outbreaks of HPAI, should infection be introduced. Since
1955, six HPAI epidemics have occurred overseas that led to the death and
destruction of over one million poultry (Table 4-1). High densities of poultry
farms in affected regions were identified as a risk factor for the spread of HPAI in
Italy (1999/2000), the Netherlands (2003) and Canada (2004) (Marangon et al.
2004a; Elbers et al. 2004; Power 2005). Poultry farm densities in regions affected
by these outbreaks ranged from 0.05 to 4 per km2. In the 1999/2000 epidemic of
HPAI in Italy, low levels of farm biosecurity and high numbers of indirect
contacts between farms by fomites such as slaughter crews and vehicles used to
transport feed, carcasses or litter were implicated in the spread of infection (Capua
et al. 2002; Marangon & Capua 2006). Raising a single species of poultry and/or
managing farms using an all-in all-out production system (as a so-called ‘singleaged flock’) may also protect against the introduction and dissemination of
infection (Swayne 2008). Live poultry markets (LPM) have been important in the
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maintenance and dissemination of Asian-lineage H5N1 HPAI viruses during
outbreaks in Hong Kong and southeast Asia and movements of infected live birds
or contaminated fomites have been associated with the spread of infection
between markets and farms (Sims et al. 2005). The production of free-range ducks
has also been identified as a risk factor for the spread of H5N1 HPAI in Thailand
during 2004 and 2005 (Gilbert et al. 2006). Surveillance of Thai duck flocks in
2004 revealed no evidence of infection by virus isolation or serology from flocks
in closed sheds even though there was evidence of Asian-lineage H5N1 HPAI in
lower biosecurity duck flocks in the region, suggesting that raising ducks under
high biosecurity conditions may provide effective protection from infection
(Songserm et al. 2006b).

In this chapter, the structure, geographical distribution and organisation of the
four major commercial poultry industries in Australia (chicken meat, chicken egg
layer, duck and turkey industries) are presented. Indirect contacts between farms
by service providers may be important in the transmission of infection (Section
2.4.9), and the contact networks of several service providers that operated in a
high density poultry production area (the Sydney region) are described. The
implications of the structure and dynamics of these industries on the potential
introduction and spread of HPAI between commercial poultry farms in Australia
are discussed, with particular reference to the risk factors listed above.
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Table 4-1 Descriptive characteristics of the six HPAI epidemics since 1955 that affected over one million poultry.
Poultry
Infected
Direct cost of
affected
commercial
Farms in the Density
of compensation and
(total dead farms (farms affected
farms (farms disease
control
Year
Region(s) affected
Subtype and culled) culled)
region(s)
per km2)
($AUD)
Pennsylvania,
Virginia, Maryland
1983 and New Jersey,
H5N2
17 million 289 (452)
Unknown
Unknown
$76 million
1984
United States of
America
1994

Pakistan

H7N3

7 million

Unknown

Unknown

Unknown

Unknown

1996
onwards

Asia, Africa and
Europe

H5N1

> 100
million

Unknown

Unknown

Unknown

Unknown

0.05
(Lombardy)
and 0.11
(Veneto) b

$169 million c

≤4

$425 million

1999 2000

Lombardy and
Veneto, Italy

H7N1

16 million

413 a (493)

1159
(Lombardy)
and 2102
(Veneto)

2003

The Netherlands

H7N7

30 million

255 d (1381)

5360

References
(Alexander 1993;
Swayne &
Halvorson 2003;
Perdue & Swayne
2005)
(Perdue &
Swayne 2005)
(Perdue &
Swayne 2005)
(Capua &
Marangon 2000;
Capua et al. 2003;
Marangon et al.
2004b)
(Elbers et al.
2004; Meuwissen
et al. 2006;
Boender et al.
2007a)

British Columbia,
H7N3
17 million 42 (410)
410
0.05 e
$70 million c
(Bowes 2007)
Canada
a
99 and 78 farms were infected with H7N1 LPAI before HPAI emergence and after HPAI eradication, respectively; b Derived assuming Lombardy and
Veneto are 23,861 and 18,391 km2, respectively; c Cost of compensation only; d A further eight farms in Belgium and one in Germany were infected;
and e Derived assuming the control area was 50 by 175 km (Bowes 2007)
2004
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4.2

Methods

4.2.1 Data sources used in this chapter
Production and economic data included in this chapter have been sourced from
government and industry publications. Data on the structure and dynamics of the
chicken meat, chicken egg layer, turkey and duck industries in Australia were
obtained from a 2005 cross-sectional survey, conducted by consultants under
contract to the Australian Government Department of Agriculture, Fisheries and
Forestry. The objectives of this survey were to obtain information on all
commercial poultry farms with the capacity for over 1000 birds in the country.
Although data were also collected on the chicken egg layer industry in the 2005
survey, subsequent farm closures in the Australian chicken egg layer industry,
believed to be a consequence of the implementation of layer hen cage size
regulations on 1 January 2008, led to the conduct of a further cross-sectional
survey of the chicken egg layer industry in 2007. This second survey was
conducted by the same contractors. Its objectives were to describe the
demographics of farms intending to remain operational in 2008. Data from the
2005 survey of chicken egg layer farms have not been used in this thesis.

4.2.2 Design and conduct of the 2005 survey
A sampling frame for this survey was developed list of farms assembled for a
2001 survey for Newcastle Disease (East et al. 2006), which was supplemented by
data obtained from peak industry bodies, poultry integrators, hatchery customer
lists, lists of suppliers to processing plants, government registers of producers and
license holders, and customer lists of major service providers (such as feed mills,

87

CHAPTER 4
litter suppliers, litter disposal contractors and vaccination contractors). The
structure of commercial poultry industries in Australia differs markedly and the
above methods were tailored to identify farms in different industries, as follows.

Sampling frames of integrated chicken meat farms were identified by interviewing
regional and state farming managers of integrated companies. Independent (i.e.
not integrated) chicken meat farms were identified through integrated and
independent hatcheries who supply their day-old chicks. Commercial chicken egg
layer farms use specialist layer breeds of chickens which may only be purchased
from a limited number of hatcheries throughout Australia. Such farms were
identified by contacting these hatcheries to obtain their customer lists.

Smaller independent chicken meat and chicken egg producers typically use
different marketing mechanisms to farms in the mainstream chicken meat and
table egg industries, selling small numbers of live birds to backyard or hobby
producers or produce individual products for specialist markets. These producers
were identified through commercial chicken meat, egg layer and independent
hatcheries who supply their day-old chicks or pullets.

Commercial turkey farms were identified by interviewing state or regional
managers employed by integrated companies and through the Australasian Turkey
Federation’s list of commercial growers. The duck industry is comprised of two
larger integrators and smaller independent farms. Farms owned or contracted to
larger integrators were identified by interviewing managers in the integrated
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companies. Smaller producers were identified through registered processing
plants’ customer lists.

Farm owners and/or managers were then interviewed by telephone using the
questionnaire presented in Appendix 2. This questionnaire was designed to gather
information on the demographics, structure, production dynamics and service
providers used by their farm. Responses entered directly into Excel spreadsheets
(Microsoft Corporation, Seattle, WA, USA).

4.2.3 Design and conduct of the 2007 survey
The sampling frame for this survey of the chicken egg layer industry was
developed from the list of 760 pullet, layer and breeder farms identified during the
2005 survey. The conduct of this survey was similar to the 2005 study: farm
owners and/or managers were interviewed by telephone using the questionnaire
presented in Appendix 2 and results were entered directly into an Excel
spreadsheet.

4.2.4 Data analysis
A geographical database of farms identified in the 2005 and 2007 surveys was
created using the geographical information system MapInfo 9.5 (Pitney Bowes
MapInfo Corporation, Troy, New York). Seventy four percent of farms could be
geo-coded by street address using Google Maps (maps.google.com, Google Inc.,
Mountain View CA, USA). It is recognised that the latitude and longitude of the
street address may differ from the location of poultry sheds on larger properties,
but these were the best data available to geo-code farms.
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For the study presented in this chapter, the remaining 26% were geo-coded to the
centroid of the nearest town using the Geoscience Australia Place Name Search
(www.ga.gov.au/map/names/). Although the use of the location of nearest town is
could lead to bias if results were presented for small regions, it is not considered a
substantial source of bias for the analysis in this Chapter because of the large
geographical scales used to present data. Even so, the size of grids used to
describe farm densities throughout Australia were chosen to reflect the inaccuracy
of locations estimated for 26% of the study population (see below). However, for
the modelling studies presented later in this thesis, the locations of these farms
were synthesised (described in Chapter 5). Fifteen farms could not be geo-coded
because of insufficient information and were excluded from geospatial analysis
(and from AISPREAD, see Section 5.2.1).

Descriptive statistics, including proportions of different farm types per
state/territory and per industry, were calculated using the SQL select function.
The size of catchment areas was determined using the Minimum Convex Hull
function, for illustrative purposes. It is recognised that the Minimum Convex Hull
can be highly influenced by outlying points for geographically dispersed
distributions and where catchment areas are described the reader is also
encouraged to examine the corresponding maps.

Density maps were developed by creating a 25 by 25 km grid layer of continental
Australia and using the Thematic Map function to calculate and display the
densities of farms per grid square. The dimensions of these grids were determined
by considering the inaccuracies involved in geo-coding 26% of farms to the
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location of the nearest town. As over 95% of farms that were geo-coded to street
address were within 12.5 kilometres of the nearest town, and over 99% were
within 21 kilometres of the nearest town (Figure 5-1), the choice of 25 by 25
kilometre grids meant that the vast majority of farms geo-coded to the nearest
town would be located in the same or the adjoining grid cells.

In some instances, records were incomplete for individual farms, and instances
where response rates for specific questions were less than 70% are noted in this
chapter to identify cases where response bias may be important (Dohoo et al.
2003). A full discussion about response rates to the surveys, data quality and the
implications for the AISPREAD model are presented in Chapter 5.

4.3

Results

4.3.1 Size and value of the Australian poultry industries
Poultry meats (largely chicken, turkey and duck meat) are the most popular meat
products in Australia, with an annual consumption of 39.5 kg per capita in the
2005/06 financial year (ABARE 2007). Official statistics for the consumption of
chicken, turkey and duck meat are not available but estimates for 2001/02 indicate
that they comprised 94%, 5% and 1% of total poultry meat consumption,
respectively (Leech et al. 2003). Poultry meat is largely consumed domestically
with just 26.8 kilotonnes (3%) of the 840.1 kilotonnes of poultry meat exported in
2005/06 (ABARE 2007). In 2004/05, 203 million dozen table eggs were produced
(ABS 2006), approximately 10 dozen eggs per person. Exports of eggs and egg
products are minimal, equivalent to 1.5 million dozen eggs per annum (Scott et al.
2005).
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There were 444.7 million meat and layer chickens slaughtered in 2004/05. At 30
June 2005, 62.7 million meat chickens and 13.2 million layer chickens were
present in Australia (ABS 2006). Official statistics are not kept on turkey and
duck flock sizes, but annual production in 2001/02 financial year was estimated to
be 4.7 million and 5.0 million birds, respectively (Leech et al. 2003).

The gross value of production (GVP) of the Australian poultry industries in the
2004/05 financial year was $AUD 1693 million or 10% of the GVP of all
Australian livestock products (ABARE 2006). The GVP of poultry meat was
much greater than eggs, comprising 80% of the annual GVP of poultry products
over this period. Estimates for 2004/05 indicate that 26,300 people were
employed in poultry production and processing (ABARE 2007).

4.3.2 Number, location and density of Australian poultry farms
The surveys identified a combined total of 1594 active chicken meat, chicken egg
layer, duck and turkey farms in Australia, mainly located around capital cities and
major regional centres. Figures 4-1a, b and c show the density of poultry farms in
Australia, NSW and Victoria. Five regions (the Sydney region, Central Coast and
Tamworth regions of NSW and the Mornington Peninsula and Bendigo regions of
Victoria) have densities of poultry farms equal to or greater than those in regions
of Canada and Italy affected by large outbreaks of HPAI (i.e. ≥0.05 farms per
km2). Table 4-2 shows the proportion of chicken meat, duck and turkey farms in
2005 and chicken egg farms in 2007 in each state. Tables 4-3 and 4-4 illustrate the
number of vertically integrated and independent farms identified in each industry
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and the distribution of classes of poultry farms (including production, pullet,
parent breeder (PB), grandparent (GP) and great-grandparent (GGP) farms).
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(a)

Figure 4-1 Density of poultry farms in (a) Australia, (b) Victoria and (c) New South Wales.

(b)

(c)

Figure 4-1 (b and c) Density of poultry farms in (b) Victoria and (c) New South Wales
Figure 4-1 Density of poultry farms in (a) Australia, (b) Victoria and (c) New South Wales.
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Table 4-2 Proportion of farms operating per state/territory in the chicken meat, duck and turkey
industries in 2005 and the chicken egg layer industry in 2007.
Percent
Industry
Number
of NSW and
Vic
Qld
SA
WA
Tas
farms
ACT
Chicken meat

980 a, b

38%

31%

17%

6%

6%

2%

Chicken
egg
483 a
32%
32%
10%
10%
13%
3%
layer
Duck
51 b
55%
37%
6%
0%
2%
0%
b
Turkey
84
76%
18%
1%
2%
1%
1%
a
b
including one GP and one GGP farm which produced egg and meat chickens; one combined chicken
meat, turkey and duck farm was identified in the survey.
Table 4-3 Distribution of farms owned by or operated under contract to vertically integrated
corporations in the chicken meat, duck and turkey industries in 2005 and the chicken egg layer
industry in 2008.
Percent of farms per type
Industry
Chicken meat

Number of
Production Pullet
farms
921 c

80%

N/A

PB a

GP/GGP

16%

4%

b

Multiple species
Singleor classes of
aged
birds
0%

97%

Chicken
egg
110 c
71%
11%
12%
3%
4%
34%
layer
Duck
37
81%
N/A
5%
8%
5%
22%
Turkey
73
83%
N/A
8%
1%
8%
95%
a
b
c
parent breeder (PB) stock; grandparent (GP) or great-grandparent (GGP) stock; and including one
GP and one GGP farm which produced egg and meat chickens.
Table 4-4 Distribution of farms owned by independent companies in the chicken meat, duck and
turkey industries in 2005 and the chicken egg layer industry in 2007.
Percent of farms per type
Industry
Chicken meat

Number of
Production Pullet
farms
59 c

95%

N/A

PB a

GP/GGP

0%

0%

b

Multiple species
Singleor classes of
aged
birds
5%

0% d

Chicken
egg
373
95%
4%
0%
0%
1%
7% e
layer
Duck
14 c
36%
N/A
9%
9%
45%
0%
c
Turkey
11
56%
N/A
0%
0%
44%
0%
a
b
c
parent breeder (PB) stock; GP or GGP stock; and one combined chicken meat, turkey and duck farm
was identified in the survey; d response rate was 8%; e response rate was 10%.
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4.3.3 Structure of the chicken meat industry
Nine hundred and eighty chicken meat farms were identified, including 59
independent farms and 921 farms associated with one of 11 vertically integrated
chicken meat companies. Ten companies (Integrators A to J) produced broiler
chickens. The remaining company, Integrator K, maintained GP and GGP
breeding stock and a hatchery and sold day-old PB chicks to other integrators. The
three largest chicken meat integrators (Integrators A, B and C) had operations that
spanned multiple states of Australia. These companies imported GGP breeding
stock and kept GGP and GP chickens. They also owned PB farms, hatcheries,
processing plants and feed mills. Integrators A and B owned private quarantine
facilities for the importation of GGP breeding stock. A table illustrating the
structure of Integrators A to K is presented in Table 4-5.

Table 4-5 Type of chicken meat birds owned by Integrators A to K.
Integrator
A B C D E F G H
I
J
K
Quarantine facilities
 
Great grandparent
stock
  

Grandparent stock
  

Parent breeder stock
    
  
Broiler stock
         

Four companies (Integrators D, G, H and I) purchased PB birds as day-old chicks
from Integrators A, B and C. These companies owned hatcheries and processing
plants. Another integrator (Integrator E) had a similar structure, but it contracted
the hatching of broiler chicks to Integrators A and C. The two remaining
companies did not have PB farms. One (Integrator J) purchased fertile hatching
eggs from Integrator C and the other (Integrator F) purchased day-old broiler
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chicks from Integrator C. In comparison to Integrators A, B and C, Integrators D
to K had smaller operations and operated in distinct regions of the country.

Day-old chicks and fertile eggs are routinely moved long distances to supply
chicken meat integrators, often across state/territory boundaries. The supply chain
of Integrator B is presented to illustrate the extent of these movements (Figure 42). This particular integrator was centred in NSW, but also had PB and broiler
farms, hatcheries and processing plants in Western Australia, Victoria and
Queensland.

Figure 4-2 Movements of fertile eggs, day-old chicks and reared PB birds
between Integrator B's chicken meat production farms. The number of farms
in each region that received day-old chicks or reared PB are presented in
parentheses.

Chicken meat integrators are structured to limit the movements of mature
chickens between farms. However, in many cases PB or GP breeder chickens are
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reared on separate farms and moved to breeding facilities at the point of maturity.
Seventy percent of farms that bred PB birds and 44% of farms that bred GP birds
in Australia reported receiving mature replacement stock from other farms, in
some cases from farms interstate. The remainder received new stock as day-old
chicks directly from hatcheries. A very high proportion of integrated chicken meat
farms were single-aged operations (97%). Although no independent farms were
identified that operated in an all-in all-out manner, this may not be representative
as the response rate to this question was poor (8%). A very small proportion of
integrated and independent chicken meat farms, 0% and 5%, respectively,
produced multiple types or species of poultry. The average capacity of chicken
meat farms was 117,221 (median 96,000, range 4500 to 747,000). No chicken
meat farms supplied LPM.

4.3.4 Structure of the chicken egg layer industry
Four hundred and eighty three chicken egg farms intending to remain active in
2008 were identified. Three vertically integrated companies imported strains of
layer chickens into Australia and maintained GGP, GP and PB flocks (Integrators
A, C and K). Integrator C also operated two combined pullet and layer farms.
Although these companies also were involved in the breeding of meat chickens,
and turkeys in the case of Integrator A, they maintained separate chicken layer
breeding farms. Day-old layer chicks were transported from these integrators’
hatcheries from Sydney and Tamworth in NSW and Bendigo in Victoria to pullet
and combined pullet and layer farms throughout Australia. The distribution of
day-old chicks from Integrator A’s hatchery in Sydney to farms in regions of
NSW, Victoria, Queensland South Australia and Western Australia is presented in
Figure 4-3. A PB farm and hatchery (Integrator L) was also identified in Western
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Australia that purchased fertile eggs from these major suppliers and distributed
day-old chicks to farms in Western Australia, South Australia and Tasmania. This
operation also produced table eggs at a combined layer and pullet farm. An
additional PB farm and hatchery was identified which distributed day-old chicks
to six layer farms in Queensland. The structure of these integrated companies is
presented in Table 4-6.

Figure 4-3 Map of the distribution of day-old layer chicks from a hatchery
operated by Integrator A in the Sydney region to regions throughout
Australia (grey). Arrows represent movements of day-old chicks to regions
outside New South Wales. The number of farms in each region that
purchased day-old chicks from Integrator A is presented in parentheses.
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Table 4-6 Type of chicken layer birds owned by
Integrators A, C, K and L.
Integrator
A
C
K
Quarantine facilities

Great grandparent
stock



Grandparent stock



Parent breeder stock



Pullet stock


Layer stock


L





Integrators A, C and K also supplied point-of-lay pullets to layer farms in
Victoria, NSW, South Australia and Queensland and Integrator L supplied pullets
to layer farms in Western Australia. A sector of eight smaller vertically integrated
companies were identified (Integrators M to T) which raised day-old chicks on
designated pullet farms and transferred point-of-lay pullets to layer farms in their
operation. A further 13 independent pullet farms were identified which supplied
the independent sector of the industry. The average capacity of egg layer farms
was 61,790 (median 20,000, range 200 to 1,000,000) (based on a 67% response
rate). Just 35% of integrated and 7% (based on a 10% response rate) of
independent farms were managed in an all-in all-out manner. Four percent and 1%
of integrated and independent farms, respectively, produced multiple types or
species of poultry. No responding layer farms supplied LPM (based on 41%
response rate).

4.3.5 Structure of the duck industry
Fifty one commercial duck farms were identified in the 2005 survey, 37 of which
were owned by or under contract to two integrated companies (Integrators U and
V). Both integrators maintained GGP, GP, PB and production (grower) birds and
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owned hatcheries and processing plants. Even though these integrators kept
different classes of breeding stock on single farms, grow-out ducks were raised on
separate sites. The operations of Integrator U and V were highly regionalized,
centred in the Sydney region of NSW and the Wimmera district of Victoria,
respectively.

Fourteen independent duck farms were identified, five of which also produced
duck eggs. Four independent farms purchased new stock from three other
independent duck farms. In some cases day-old ducklings were moved long
distances within this independent sector (e.g. from sites in NSW to Western
Australia and from Queensland to Victoria). Fifty duck farms had capacities for
less than 50,000 birds, and one had the capacity for 50,000 to 100,000 birds.
Twenty two percent and 0% of integrated and independent duck farms,
respectively, produced single-aged flocks. Only two integrated and six
independent duck farms produced multiple species or types of birds. No duck
farms sent stock to LPM.

4.3.6 Structure of the turkey industry
Eighty four commercial turkey farms were identified in 2005. Seventy three farms
were associated with one of the four responding turkey integrators (Integrators A,
B, W and X). A smaller fifth company was also identified in South Australia
(Integrator Y), which did not respond to the survey and was removed from the
analysis. Two turkey integrators were subsidiaries of chicken meat integrators
(Integrator A and B). Both had turkey operations in NSW that were functionally
distinct from their chicken meat interests. Integrators W and X operated in central
Victoria.
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Only two integrators (Integrator A and W) imported GGP turkeys from overseas
and other integrators were supplied with day-old chicks or fertile eggs from these
companies. Unlike the other integrators, Integrator W did not have grow-out
farms. Integrators A, B and X had associated processing plants and Integrators A,
B and W operated hatcheries. One of the 11 independent turkey farms also
produced meat chickens and ducks. One independent farm operated as a closed
flock, seven purchased turkey poults from Integrator W and one purchased poults
from Integrator A. Eighty three turkey farms had capacities for less than 50,000
birds, and one had the capacity for 50,000 to 100,000 birds. Ninety five percent of
integrated turkey farms kept single-aged flocks, compared with zero percent of
independent turkey farms. Six integrated and four independent turkey farms
produced multiple species or types of birds. No turkey farms supplied LPM
(based on 64% response rate).

4.3.7 Contact networks between farms in the Sydney region
For the purposes of this study, the Sydney region is defined to be the area
bounded by the Hawkesbury River to the north, the Blue Mountains to the west
and the Southern Tablelands in the south (Figure 4-4). The majority of farms
identified in the Sydney region were located to the west of the urban area (Figures
4-5 and 4-6). Figure 4-5 shows the catchment areas of three major feed mills
operating in the Sydney region. These mills supplied 12, 107 and 139 farms in a
4430, 6710 and 24,500 km2 area, respectively. Two mills also supplied farms
outside of the Sydney region, including the Central Coast, the Hunter Valley and
the Western Plains of NSW. One mill supplied chicken meat farms associated
with three integrators together with chicken layer breeder farms and duck farms.
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Figure 4-5 illustrates the catchment area of a single dead bird collection contractor
that serviced 94 farms from two chicken meat integrators in a 3267 km2 area.

Figure 4-4 Location of farms (blue dots) in the Sydney region (blue shading),
in New South Wales.

Figure 4-5 Catchment areas of three feed mills supplying commercial poultry
farms in the Sydney region between 2005 and 2007.
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Figure 4-6 Catchment area of a dead bird collection contractor visiting
commercial poultry farms in the Sydney region in 2005.

4.4

Discussion and conclusions

Poultry meat and eggs are popular sources of animal protein in Australia.
Although the likelihood of Australian commercial poultry being exposed to AI
viruses is low, international experience indicates that epidemics of H5/H7 LP and
HPAI can have important production, economic and animal welfare impacts
because of disease effects on production, and the culling of infected or at risk
flocks to control and eradicate infection.

The control and eradication of relatively limited epidemics can be expensive
because commercial farms contain many thousands of birds. For instance, the
direct cost of the 1997 epidemic of HPAI in NSW was $AUD 4.45 million
(Selleck et al. 2003). Extensive outbreaks are much more costly to control and
direct costs of outbreaks in the United States of America in 1983/84, Italy in
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1999/2000, the Netherlands in 2003 and Canada in 2004 ranged from $AUD 70 to
425 million (Table 4-2). Indirect costs from HPAI outbreaks due to reduced
consumer demand for poultry products and consequential losses due to the
disruptive effects of quarantine and movement restrictions on the dynamics of
these industries can also be profound. Relatively minor incursions of Asianlineage H5N1 HPAI in poultry and wild birds in the European Union in 2005/06
led to temporary reductions in consumer demand for poultry products in some
countries of up to 50 to 70% (Flach 2006).

Five Australian poultry production regions have densities of poultry farms similar
to areas affected in recent extensive epidemics in Canada and Italy, indicating that
these areas might be more vulnerable to larger outbreaks. Australian chicken
meat, chicken egg layer, duck and turkey industries are highly structured dynamic
systems that move fertile eggs and day-old chicks throughout the country. Each
industry is functionally distinct, few farms produce multiple types of poultry and
there are relatively high proportions of single-aged farms in the integrated chicken
meat and turkey industries. However the study presented in this chapter has
shown common service providers routinely contact different classes and types of
farms over wide catchment areas and fertile eggs and day-old chicks are regularly
moved around the country. Because AI virus may survive for a moderate time at
ambient temperatures in organic material, unless adequate decontamination and
disinfection is undertaken on equipment, vehicles, people and clothing between
farm visits it is possible that infection could be disseminated over large distances
by the movement of service providers. Thus, chicken meat and egg industry
biosecurity codes of practice and duck and turkey integrator biosecurity protocols
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include guidelines to reduce the possible transmission of infection by limiting
contact between service providers and poultry, and by the disinfection and
decontamination of potential fomites (Grimes & Jackson 2001; ACMF 2003).

Poultry production in Australia differs from industries overseas that have
experienced extensive outbreaks of HPAI in terms of several key operational risk
factors. There are few small scale LPM in Australia, which tend to supply fancy
poultry or poultry for backyard production (Scott et al., 2005). This study
identified no commercial poultry farms supplying or sourcing birds from LPM;
however, response rates were low for turkey and chicken layer farms. Also,
commercial duck production in Australia is small compared with Asian countries
affected with Asian-lineage H5N1 HPAI, and the industry is dominated by two
integrators that do not produce free-range ducks (Scott et al. 2005).

It is reasonable to assume that the magnitude of impacts of outbreaks on the
poultry industries and the wider community is correlated with the extent of spread
of an outbreak of LPAI or HPAI and that the early detection and rapid response to
outbreaks is critical to limiting the spread of infection. Australia has effective
passive surveillance for HPAI, with infection ruled out in 126 investigations of
mortalities in wild birds and poultry in 2006 (Animal Health Australia 2006).
Desktop simulation exercises have been conducted to increase the preparedness of
industry, federal and state/territory governments, and laboratories to manage
outbreaks of HPAI (Scott et al. 2006). Australia has developed policy guidelines
for the control and eradication of outbreaks of HPAI in poultry (Animal Health
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Australia 2008a), and the federal and state/territory governments and industry
have agreed to share the costs of control and eradication of these diseases.

Response rates from independent chicken meat and layer farms were very low for
questions regarding whether birds were produced in a single-aged system. This
raises concerns about the validity of these estimates because of response bias.
Nevertheless, the low proportions of single-aged farms estimated in this study for
these sectors are consistent with reviews of the structure of these industries (Scott
et al. 2005). Although Integrator Y did not respond to the questionnaire, this
company is believed to be very small and in 2005 owned or contracted just six
turkey farms in South Australia (DAFF, unpublished data). This non-response
would be unlikely to affect the conclusions about the structure and dynamics of
the Australian turkey industry in this chapter.

In conclusion, even though all of Australia’s past outbreaks of HPAI have been
relatively limited in extent, it is difficult to predict the size and impact of potential
outbreaks in different geographic regions or specific sectors of the poultry
industries. Given the serious consequences, it is important for preparedness
planning in Australia that policy makers understand the potential scale of such
outbreaks. AISPREAD is an epidemiological model that has been developed to
address some of these uncertainties regarding the transmission and control of
HPAI under Australian circumstances. The design of this model is described
further in Chapter 5.
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Chapter 5. The design of AISPREAD

5.1

Introduction

This chapter describes AISPREAD, a stochastic simulation model that is designed
to provide insight into the potential spread and control of HPAI in Australia with a
view to informing the development of contingency plans. This model has been
developed to investigate the potential spatial and temporal spread of HPAI
between individual commercial chicken meat, chicken egg layer, duck and turkey
farms in Australia and to assess the efficacy of a range of potential mitigation
strategies, including surveillance, quarantine, diagnosis, culling, movement
restrictions and emergency vaccination.

5.2

Data sources

5.2.1 Study population
Chicken meat, chicken egg layer, duck and turkey farms are represented
individually in AISPREAD. Other types of poultry farms (e.g. quail, game-bird or
squab) are not represented in the model because these industries are less
economically important and there are very few farms producing these species
(Scott et al. 2005). Although emus on a chicken meat farm were infected in the
most recent outbreak of HPAI in Australia in 1997 (Selleck et al. 2003), emu and
ostrich farms are not included in AISPREAD because recent contractions in these
industries have led to the closure of many farms. It is estimated that there may be
as few as eight commercial emu farms and six commercial ostrich farms (Scott et
al. 2005; DAFF, 2010).
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Smallholder flocks (i.e. holdings of less than 1000 birds) are not included in
AISPREAD because these flocks are functionally isolated from the commercial
poultry industries. This is because biosecurity programs on commercial farms are
designed to minimise contact with smallholder flocks. For example, many chicken
meat, chicken egg layer, duck and turkey integrators ensure staff members sign
contracts to restrict personal contact with other poultry and cage birds as a
condition of employment. Although there are some movements of layer chickens
from commercial hatcheries and farms to the smallholder sector, these movements
are one way. Thus, it is considered that infection is more likely to spill over from
commercial poultry farms into smallholder flocks than vice versa. Although
village poultry have been important in the maintenance and transmission of
Asian-lineage H5N1 HPAI, particularly in southeast Asia (Sims et al. 2005),
smallholder flocks in Australia are kept under different conditions. With the
exception of show poultry, birds are kept in backyards in relative isolation from
other flocks and are seldom moved between sites. Unlike parts of Asia that have
been affected with Asian-lineage H5N1 HPAI, where live markets have been
important in the maintenance and dissemination of infection (Sims et al. 2005),
there are relatively few live poultry markets in Australia (Scott et al. 2005) and
results of the surveys conducted in Chapter 4 did not identify any commercial
farms supplied or sourced birds from LPM. Furthermore, analysis of the 2003
epidemic of HPAI in the Netherlands revealed that backyard flocks were
substantially less susceptible than commercial farms and were considered to have
a ‘marginal’ impact on the course of the epidemic (Bavinck et al. 2009). For these
reasons, the risk of spread from smallholder flocks to commercial flocks is
deemed to be low, and of limited relevance to the commercial sector. Unlike the
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United Kingdom, Australia does not maintain registers of smallholder flocks, and
for the purposes of this study it was considered not cost effective to gather
information about the location and production characteristics of backyard flocks
given their likely limited impact on the transmission of HPAI to commercial
farms.

The study population consists of 1579 chicken meat, chicken egg layer, duck and
turkey farms identified in a series of two cross-sectional surveys of the Australian
poultry industries (described in Chapter 4). In these surveys owners and/or
managers of farms with capacity for over 1000 birds were asked a series of
questions about the location, capacity, population structure, production dynamics
and the identity of different types of service providers that visit the farm.
Questions included in the surveys are listed in Appendix 2. The discrepancy in the
number of farms reported in Chapter 4 and those included in the model is because
15 farms provided insufficient information to allow them to be geo-coded.

Differences in the production, management and geographical characteristics of
poultry farms could affect the spread of HPAI or impact upon the control and
eradication of an outbreak of HPAI (discussed in Chapter 4). Because farms are
represented individually in a database in AISPREAD, demographic characteristics
of the study population can be captured in a series of fields that record farm
demographic information. Specific farm attributes included in the database are:
o the industry the farm is associated with (i.e. chicken meat, chicken egg
layer, duck or turkey);
o the type of birds produced;
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o the integrated company the farm is associated with (if any);
o whether the farm is operated in an all-in all-out manner;
o the capacity of the farm;
o the number of sheds on the farm;
o the identity of service providers that visit the farm; and
o the point location of the farm.

These data were sourced from the telephone surveys described in Chapter 4.
Questions used in the survey are presented in Appendix 2.

5.2.2 Response rates to the 2005 and 2007 surveys and
synthesis of missing data for AISPREAD
In general, response rates were higher for the integrated chicken meat, chicken
egg layer, duck and turkey industry sectors. However, lower response rates were
obtained from the chicken egg layer industry, particularly for questions regarding
the identity of service providers in the independent sector of the industry.
Response rates for independent chicken meat, duck and turkey farms were also
low for many types of service provider contacts.

The objective of synthesising data was to produce a realistic representation of the
spatial distribution, production attributes and direct and indirect contacts between
farms in the Australian poultry industries for modelling purposes. Clearly,
excluding farms with incomplete responses to the surveys would reduce the size
of the study population and produce to unrealistic results. It is important to
highlight that raw data from the surveys were used for the descriptive study
presented in Chapter 4.
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5.2.2.1

Farm locations

Only 15 of the 1594 chicken meat, chicken egg, duck and turkey farms identified
in the surveys had insufficient information to identify the street address or nearest
town. These farms were excluded from the final dataset. Of the remaining 1579
farms, 74% could be geo-coded to the street address using Google Maps
(maps.google.com, Google Inc., Mountain View, CA, USA). The nearest town
was identified in the other 26% of farms.

Point locations of the 26% of farms in the dataset that could not be accurately
geo-coded were synthesised by dispersing them around the centroid of the nearest
town, using a randomly assigned compass bearing and a distance drawn from a
probability distribution. This probability distribution, presented in Figure 5-1,
represented the distance between farms geo-coded to street address and the
nearest town listed in the database. Over 95% of farms were located within 12.5
kilometres of the nearest town. It was fitted using the CurveFinder function in
CurveExpert 1.3 (Starkville, MS, USA), and provided a good fit to the data
(R2=0.97). Farm locations were then simulated using standard spherical
trigonometry.
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Figure 5-1 Inverse cumulative distribution function of the distance of poultry
farms from the nearest town. Distance in kilometres is presented on the y axis
and the percentile is presented on the x axis.

5.2.2.2

Industry

All farms in the dataset had a response for the industry that they were associated
with. Just three farms were associated with two or more industries. Two combined
grandparent and great-grandparent breeding farms bred both meat and egg layer
chickens. These farms were entered into AISPREAD’s database as chicken layer
breeding farms. The single farm that produced meat chickens, turkeys and ducks
was entered in the database as an independent chicken meat farm.
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5.2.2.3

Integrated/independent status of farms and identity of
integrator

In the raw data, responses were recorded for all farms in the chicken meat, turkey
and duck industries about the integrated or independent status of the farm. Only
nine (2%) farms in the chicken layer industry did not have response to this
question. All of these farms were layer or combined layer and pullet farms
production farms. This was considered appropriate because the majority of layer
farms identified in the survey were independently operated (Tables 4-3 and 4-4).
All integrated farms had their integrator’s name listed in the dataset.

5.2.2.4

Type of birds produced

Chicken meat farms had a response rate of 99.9% regarding the type of birds
produced. The single non-responding farm was assumed to be a broiler farm
because this was the most common farm type in the industry (Table 4-3).

Just 2% of farms in the chicken egg layer industry did not have a response listed
to this question. From inspecting other responses, it was clear that they were
production farms. They were assumed to be combined pullet and layer farms,
which were the most common production farm type.

Two duck and two turkey farms did not respond to this question, and the response
rates for these industries was 96 and 98%, respectively. These farms were
assumed to be grower farms, which were the most common farm type in these
industries.
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5.2.2.5

Single or multi-aged farms

Ninety-two percent of integrated chicken meat farms responded to this question.
Almost all of responding farms (97%) operated as single-aged flocks, so the nonresponding farms were also assumed to be single-aged flocks.

Only five independent chicken meat farms (8% response rate) responded to this
question. All of these operated as multi-aged flocks. Despite the poor response
rate, it is believed that independent chicken meat farms maintain multi-aged
flocks to ensure continued supply throughout the production cycle (Scott et al.
2005). Therefore, these farms were also assumed to be multi-aged.

A response rate of 56% was obtained for this question from farms in the chicken
egg layer industry, however, the response from independent farms was
particularly low (10%). Farms that did not have a response for this question were
determined to be either single- or multi-aged probabilistically, using Monte Carlo
methods. It was assumed that the probability that a breeder, pullet, layer or
combined pullet and layer farm being multi-aged was determined by the
proportion of multi-aged flocks of all responding farms of that type. All remaining
farms were assumed to be single-aged.

All duck farms and all integrated turkey farms responded to this question. An 80%
response rate was obtained for independent turkey farms. All responding
independent turkey farms were multi-aged, so all non responders were assumed to
be multi-aged as well.
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5.2.2.6

Farm capacity

In the raw database, 82% of integrated chicken meat farms had a continuous value
listed for its capacity. The capacity of a further 16% of these farms was expressed
on an ordinal scale (small <50,000; medium 50,000 to 100,000; large 100,001 to
250,000; or extra large > 250,000). The capacity of the farms with ordinal
responses was translated to a continuous estimate as follows. Farms that had a
continuous value for its capacity were categorised by the type of birds produced
and grouped into the four ordinal categories. The median capacity was determined
for each farm type and category, which was used as an estimate of the capacity of
farms with ordinal responses. The remaining farms, without an ordinal response,
were set to have the median farm capacity of their farm type. Because no
numerical estimates were obtained for the capacity of independent chicken meat
farms, it was assumed that these farms had a capacity for 5,000 birds (G. Arzey
pers. comm. July 2007), apart from one farm which was listed as extra large,
which was assumed to have capacity for 250,000 birds.

A 67% response rate was obtained for the capacity of chicken layer farms, and all
responses were continuous values. Non-responding farms were assumed to have
the median capacity of other farms with the same type of birds.

All duck farms had ordinal responses for their capacity. All had a small capacity
apart from two medium capacity grower farms. Based upon expert opinion, small
integrated grower farms, small independent grower farms and breeding farms
were assumed to have a capacity for 40000, 5000 and 30000 birds, respectively
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(G. Arzey pers. comm. July 2007). The two ‘medium’ farms were assumed to
have capacity for 75,000 birds.

Continuous responses were obtained for 13% of turkey farms. The capacity of a
further 83% of turkey farms was presented on the ordinal scale. Of these, all farms
were listed as small, except for one which was medium. Small integrated grower
farms, parent breeding and elite breeding farms were assumed to have a capacity
for 30000, 20000 and 20000 birds (G. Arzey pers. comm. July 2007). The
capacity of independent grower farms was set to 1850, the median of the capacity
of responding farms in this category. The one medium sized grower farm was
assumed to have capacity for 75,000 birds.

5.2.2.7

Number of sheds

Response rates for the number of sheds on each farm were 93%, 75%, 94% and
96% for the chicken meat, chicken layer, duck and turkey industries, respectively.
For non-responders, the number of sheds per farm was calculated by dividing the
farm’s capacity by the average number of birds per shed across all industries
(20,000 birds per shed). This number was then rounded up to the nearest integer.

5.2.2.8

Service providers

Table 5-1 presents response rates for questions regarding potential indirect
contacts, integrated/independent status and industry. Response rates were highest
for the integrated chicken meat, chicken egg layer, duck and turkey industry
sectors (range 38 to 100%). Responses for certain questions lower for the
independent chicken egg layer farms and independent chicken meat farms
approaching 10%.
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Data regarding the use of external service providers and the identity of service
providers were simulated for non-responding farms by assuming that farms
producing the same type of birds, operated by the same vertically integrated
company in the same region (i.e. within 100 kilometres, assumed based on
unpublished network diagrams of service providers’ catchment areas) would use
the same service providers. Independent farms were assumed to use similar
service providers as the nearest independent farm of the same type in the region.

In cases were farms with the same industry and type of birds did not use service
providers to complete a specific task (e.g. manure was composted on site or dead
birds were transported by farm staff), then non-responders were determined to use
external service providers probabilistically, based on the proportion of farms of
the same industry, type and corporate ownership (independently owned or
vertically integrated) that used external service providers.

Although the source of day-old chicks was simulated in this manner for
independent chicken meat, duck and turkey farms, other indirect contacts were not
simulated because most farms were assumed not to employ external contractors to
provide many services (Scott et al. 2005). This assumption was not thought to
have been a source of considerable bias, given that these sectors represented just
5% of farms in the dataset.
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Table 5-1 Response rates to questions about the identity of service providers in the 2005 and 2007 surveys.
Integrated farms
Independent farms
Chicken Chicken
Chicken Chicken
Duck Turkey
Duck Turkey
meat
layer
meat
layer
90%
96%
100%
100%
25%
95%
93%
80%
Who is the supplier of day-old chicks, if applicable?
Who is the supplier of pullets or reared breeder
86%
100%
n/a
n/a
n/a
82%
n/a
n/a
birds, if applicable?
Who are the pickup/slaughter crew?
92%
78%
100%
100%
15%
11%
57%
60%
Who carries out the routine vaccination of birds, if
97%
75%
n/a
n/a
n/a
14%
n/a
n/a
applicable?
Who is the external vaccination team if applicable?
100%
96%
n/a
n/a
n/a
100%
n/a
n/a
Who carries out shed sanitation operations?
45%
80%
n/a
n/a
n/a
12%
n/a
n/a
Who is the external feed supplier, if applicable?
89%
83%
97%
100%
19%
26%
64%
63%
How are dead birds disposed?
61%
79%
100%
63%
19%
11%
71%
70%
Who is the external dead bird transporter, if
96%
84%
73%
95%
100%
95%
100% 100%
applicable?
Is fresh litter used?
n/a a
82%
n/a a
n/a a
n/a a
12%
n/a a
n/a a
Who is the external fresh litter supplier, if
69%
88%
100%
49%
16%
50%
57%
70%
applicable?
How is used litter or manure disposed of?
59%
75%
100%
63%
16%
12%
57%
70%
Who is the external used litter/manure transporter, if
100%
92%
100%
76%
100%
71%
100% 100%
applicable?
What types of egg trays are used?
n/a
38% b
n/a
n/a
n/a
16% b
n/a
n/a
b
b
Where are table eggs transported to?
n/a
57%
n/a
n/a
n/a
39%
n/a
n/a
a
all chicken meat, duck and turkey farms were assumed to run litter based systems and require deliveries of fresh litter;
b
for layer and combined pullet and layer farms only.
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5.3

Model design

The Australian poultry industries are highly structured, complex systems. Each
industry is functionally distinct, few farms produce multiple types of poultry, and
production regions are often geographically isolated. However, operations can be
functionally connected through movements of poultry or service providers (e.g.
feed companies or dead bird disposal contractors, see Section 4.3.7). Experience
from previous epidemics of HPAI in Australia and overseas indicates that the
movement of infected poultry (i.e. direct transmission) or fomites (i.e. indirect
transmission by contaminated personnel, equipment or vehicles) are important in
the secondary spread of infection between commercial farms (Section 2.4.9).
Because of this, it is necessary to represent contact networks between different
poultry farms in order to simulate the potential spatio-temporal spread of HPAI.

5.3.1 Conceptual approach
Farms, rather than sheds or individual birds, are the unit of concern in
AISPREAD because they are treated as epidemiological units under current policy
guidelines for the control and eradication of HPAI in Australia (Animal Health
Australia 2008a). That is, even if only a single sub-population of birds on a farm
displayed evidence of infection, it is likely that the whole farm would be
considered infected and managed accordingly. The infection status of farms in the
model is captured using a state transition approach. Over time, farms may either
remain in their current infection state or move to other states (i.e. transition) as
various events occur (see Section 3.5.2). The passing of time is simulated in daily
steps to simplify the computational process. AISPREAD is stochastic, meaning
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that it incorporates chance elements by defining particular input parameters as
probability distributions that represent the variability surrounding parameter
estimates. Monte Carlo methods are then used to sample single parameter values
from these distributions as needed in the model. Results of multiple runs of the
model are assumed to reflect the combined variability and uncertainty of model
outputs.

Conceptually, AISPREAD is divided into three components:
o a production module, which simulates the timing of particular poultry
husbandry practices that may affect spread of infection;
o an infection module, which simulates the spread of disease between farms;
and
o a mitigations module, which implements various combinations of outbreak
response strategies.

The following sections describe the design of each of these modules in detail.

5.3.2 Production module
The Australian chicken meat, chicken egg layer, duck and turkey industries are
functionally independent, with very few farms involved in more than one industry
(Chapter 4). Each of these industries has a hierarchical structure and in virtually
all cases, production stock, and breeding stock are raised on separate farms
(Chapter 4). Indeed, breeding farms in the chicken meat industry are structured so
that parent breeder (PB) stock (the parents of production stock) and grandparent
(GP) and great-grandparent breeder (GGP) stock (the great-grandparents and
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grandparents of production stock) are raised separately. Table 5-2 describes farm
categories included in the model.
Because farms are represented individually in AISPREAD, differences in the
management of different types of farms can be captured by simulating the
production cycle of each farm. Production events such as the movement of birds
to slaughter, delivery of replacement stock and visits by service providers occur at
discrete times during a farm’s operational cycle and the scheduling of these events
varies between different farm types. Parameters governing the frequency of these
events have been determined from expert opinion and industry manuals (see
Appendix 3).

Table 5-2 Definitions of farm categories in the model.
Industry
Farm type
Description
Broiler
Farms producing meat chickens (broilers)
Parent breeder Breeding farms are restocked with mature parent
birds obtained from rearer PB farms
Rearer
and Breeding farms that are restocked with day-old PB
parent breeder chickens
Rearer parent
Farms producing PB chickens and supply PB farms
breeder
Chicken
Grandparent
GP farms that are restocked with mature GP
meat
breeder
chickens obtained from GP rearer farms
Rearer
and
Breeding farms that are restocked with day-old GP
grandparent
chickens
breeder
Rearer
Farms producing GP chickens to supply GP breeder
grandparent
farms
GreatBreeding farms that are restocked with GGP
grandparent
chickens imported from overseas
breeder
Layer
Chicken egg production farms are restocked with
point-of-lay pullets obtained from pullet farms
Pullet
and Chicken egg production farms that are restocked
layer
with day-old hens
Chicken
Pullet
Farms that produce point-of-lay pullets to supply
egg
layer farms
Breeder
PB, GP and GGP farms that produce layer strains
of chicken
Duck
Grower
Farms producing meat ducks
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Table 5-2 Definitions of farm categories in the model.
Industry
Farm type
Description
Parent breeder PB farms stocked with PB ducks
Elite breeder
Breeding farms stocked with GGP and/or GP
breeder ducks
Grower
Farms producing meat turkeys
Parent breeder Breeding farms stocked with PB turkeys
Turkey
Elite breeder
Breeding farms stocked with GGP and/or GP
breeder turkeys

A key feature of AISPREAD is that it represents the routine destocking and
restocking of single-aged farms, which represent approximately two thirds of
farms in the study population. This is important because these farms are empty for
a period in their production cycle and are not always susceptible to infection. If
this behaviour is not captured, AISPREAD would risk overestimating the
transmission of infection.

The periodic restocking and destocking of farms is simulated by determining the
age at which the current cohort of birds will be removed from the farm, and the
time taken until the depopulated farm is prepared to accept a new cohort of birds
(i.e. a turnaround period). This is captured by including two production states in
the model: Populated and Empty. Populated farms have live chickens, ducks or
turkeys, and farms become Empty after being destocked. This may be for routine
management or disease control purposes. Empty farms become Populated when
they are restocked after the turnaround period has elapsed (see Figure 5-2).
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Figure 5-2 Production states in AISPREAD.

Farms that are not single-aged farms (so-called multi-aged farms) are assumed to
be Populated at all times, unless birds have been culled for disease control
purposes. These farms are set to receive deliveries of a number of batches of birds
per year, which is used to calculate the period of time between batches. It is
assumed that an older cohort of birds must be removed from multi-aged farms
before the delivery of a new batch on these farms. The length of time between
removal of the previous batch and the delivery of the new batch is determined for
each farm from a pre-defined probability distribution, representing current
industry management practices.

At any point in time it is expected that farms in the study population would be at
various stages in their production cycle. Before infection is introduced into the
model, the structure of the study population is simulated by randomly scheduling
production events for each farm. Although it is recognised that the random
scheduling of farms to different stages in their production cycles may not
necessarily reflect the operations of commercial integrators, it was considered
unlikely that this information could be obtained for the model because of its
commercially sensitive nature. Initial population structures can be saved so that
simulations can be run using the same starting conditions.

5.3.3 Infection module

5.3.3.1

Infection states

A major assumption made in the design of AISPREAD is that the course of
infection on individual farms can be adequately represented by a series of seven
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mutually exclusive disease states, which are defined in Table 5-3. Figure 5-3 is a
state transition diagram, illustrating how farms may move between all seven
disease states.

Table 5-3 Definitions of farm infection states in the model.
State
Definition
A Populated farm that has poultry which are not infected or
Susceptible
naturally immune to HPAI.
A Populated farm that has poultry infected with HPAI, but has
Latent
no poultry actively shedding virus.
A Populated farm that has poultry that are infected and shedding
Infectious
HPAI virus.
A Populated farm that has poultry with natural immunity
Immune
protecting the flock from re-infection.
A Populated farm that has experienced high cumulative
mortalities which has led to the disruption of normal events in
Nontheir production cycle. This leads to the reporting of infection
Operational
and the identification of the farm as a Suspected Premises (SP)
see Section 5.3.4.1.
Removed
An Empty farm that does not have infectious material on site.
Contaminated An Empty farm that has infectious material on site.

Depopulation
Repopulation

Susceptible

Site decontamination

Infection

Repopulation

Removed

Contaminated

Latent
Latent period
elapsed

Contamination
Depopulation

Infectious

High
mortalities

Depopulation

Natural immunity

Non-Operational
Immune
Depopulation

Figure 5-3 State transition diagram illustrating potential transitions between
disease states in AISPREAD.
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Farms move between these states in a predetermined manner, after specific trigger
events occur. Potential transitions that can occur on Populated farms are presented
in Figure 5-4. When Susceptible farms become infected they transition to Latent.
This occurs after ‘contact’ with an Infectious or Contaminated farm, which is
simulated via a series of local spread, direct and indirect transmission pathways
(see Section 5.3.3.3.1 and Tables 5-4 and 5-5). Latent farms become Infectious
after a predetermined latent period has elapsed. A farm may then transition to
Immune if natural immunity has occurred or to Non-Operational if the farm
ceases to function normally, as would be expected if it experienced high
mortalities due to HPAI, which is assumed to occur when a farm detects and
reports infection to authorities.

Figure 5-4 State transition diagram for Populated farms in AISPREAD.

Because AISPREAD simulates the destocking and restocking of single-aged
farms, it has been necessary to include a Contaminated state, to account for Empty
farms which have infectious material such as manure or litter on site. Empty farms
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that are not Contaminated become Removed. Figure 5-5 illustrates transitions
associated with Empty farms.

Susceptible, Latent and Immune farms become Removed if they are destocked as
part of their normal production cycle or if they are culled as part of a control
strategy. Non-Operational farms are prevented from being routinely destocked,
because all are assumed to report infection and are then placed under quarantine
(see Section 5.3.4.1 for further discussion). This assumption is considered
reasonable because HPAI causes extremely high mortalities, particularly in
chicken and turkey flocks, which would be readily apparent to producers. All
avian influenza infection in poultry, including HPAI infection, is a notifiable
disease across all state and territory jurisdictions in Australia. As for all notifiable
diseases, there are severe consequences of not reporting suspected infection.
Penalties include being ineligible for compensation for dead and destroyed stock,
potential deregistration of veterinarians, criminal prosecution and civil liability. It
is also likely that quarantine and movement restrictions would also be legally
enforced by police within disease control zones, as was the case for the equine
influenza outbreak in 2007, further reducing the likelihood of indirect contacts
between farms.

Furthermore, there is a high level of awareness of this disease amongst poultry
producers. Indeed, a recent expert elicitation study revealed that poultry
producers, scientists and veterinarians believed that commercial chicken
producers in Australia would be expected to report clinical signs of HPAI
infection in their farm to authorities (M. Hernandez-Jover, pers. comm. June
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2010), and given the susceptibility of turkeys to clinical signs of HPAI this
assumption is considered realistic for this industry sector. Recognising that these
assumptions are potentially controversial, the implications of the assumptions
surrounding the reporting of HPAI and the infectious periods of farms were
transparently tested in sensitivity analysis (Section 8.6), and shown to have only a
moderate impact on the model’s results.

Although parameters for the reporting and infectious periods of duck farms have
been estimated using conservative assumptions about the case fatality rate, it is
recognised that subtypes of HPAI, other than Asian-lineage H5N1 HPAI, can
cause limited or no clinical signs in ducks (Section 2.3) and sub-clinically infected
duck farms could act as reservoirs for infection. Although duck farms represent
just 3% of the study population (Table 4-2), the implications of this assumption
may not be minor for other HPAI viruses.

When Non-Operational farms are culled they transition to Removed as it is
assumed that decontamination of the site would take place concurrently. When
Infectious farms are routinely destocked they are assumed to become
Contaminated.
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Figure 5-5 Transitions associated with Empty farms in AISPREAD.

Contaminated farms can become Removed if they are decontaminated either after
routine farm sanitation occurs or after natural decay of virus in the environment.
To account for the potential contamination of Empty farms, Removed farms can
also become Contaminated after contact with Infectious or Contaminated farms.
When Contaminated farms become restocked they are assumed to become Latent.
Removed farms become Susceptible when they are restocked.

Before HPAI is introduced at the start of each run of the model, it is assumed that
all farms are in the Susceptible or Removed states. This assumes that there is no
background immunity to the virus in the population, which would be the case if
related low pathogenic avian influenza (LPAI) viruses were not endemic in the
population. This is plausible because there have been very few detections of LPAI
in Australian poultry and in each of the five historical epidemics of HPAI in
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Australia, there was no evidence of LPAI precursor viruses affecting farms other
than the index farm (see Section 2.4.4). This assumption is supported by the
results of active surveillance of commercial chicken meat and chicken egg layer
farms in 2006 which revealed no serological evidence of exposure to H5 or H7
viruses (DAFF, 2010). Further surveillance of chicken meat farms in 2010 in
Tasmania and Western Australia also revealed no serological evidence of
exposure to H5 or H7 viruses (DAFF, 2010).

5.3.3.2

Infectiousness of farms

It is possible that the risk of transmission posed by farms infected with HPAI to
other farms is related to the amount of viral contamination of the farm’s
environment. However, the exact nature of this relationship is not well
characterised. One way to capture this would be to assume that farm-level
infectiousness over time has a linear relationship with the estimated virus
production. This might not be valid for the spread of HPAI between poultry
farms, because HPAI is highly infectious and infected birds can excrete extremely
high concentrations of virus in respiratory secretions and faeces (see Section
2.4.5). Because a commercial flock may comprise many tens of thousands of
birds, it is conceivable that extremely high levels of environmental contamination
would occur very rapidly. Furthermore, routine husbandry activities, including the
handling and removal of sick or dead birds that are infected with HPAI, may
mean that fomites are likely to come in contact with contaminated material.

A conservative approach was taken and it is assumed that Infectious farms pose a
constant risk of transmission during their infectious period and that the risk of
transmission does not vary for farms with different capacities. This approach
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could mean that the model would overestimate the transmission of HPAI between
farms. Indeed, one of the criticisms of several FMD models used to support
decision making in the 2001 FMD epidemic in the United Kingdom was that these
models assumed that farms were fully infectious throughout their infectious
period (Kitching et al. 2006). Sensitivity analysis studies were conducted to
investigate the implications of this assumption. Results of these studies are
presented in Section 8.6.

5.3.3.3

Mechanisms of spread

Movements of infected poultry or fomites (i.e. contaminated personnel, equipment
or vehicles) are important mechanisms of spread of HPAI between commercial
intensive poultry farms (Section 2.4.9). In Chapter 4 it was concluded that the
movements of birds and fomites between farms in the commercial chicken meat,
chicken egg layer, duck and turkey industries could lead to the transmission of
infection between companies, regions or industries. HPAI has also been reported
to spread to farms up to two kilometres away without known movements of birds
or fomites between sites (Power 2005; Mannelli et al. 2006), referred to here as
‘local spread’.

5.3.3.3.1

Local spread

Although the underlying mechanisms of local spread are not well understood,
there is some evidence that insects (Sawabe et al. 2006), wild animals or airborne
transmission (Brugh & Johnson 1987; Power 2005) could be implicated in the
spread of infection over short distances. It is also possible that undetected short
distance movements of poultry or fomites could contribute to this pathway.
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In the model, local spread can occur to farms within a radius of up to two
kilometres of an Infectious farm, an assumption supported by reports of HPAI
epidemics in Italy and Canada (Power 2005; Mannelli et al. 2006). In
epidemiological modelling, transmission kernels are functions that describe the
hazard or probability of infection posed to farms based upon their proximity to
Infectious farms. In this context, the hazard of infection is defined as the
instantaneous rate of transmission to a second farm at a particular point in time,
provided transmission has not occurred previously.

Three transmission kernels for HPAI have been described in the literature.
Boender et al. (2007a) developed a transmission kernel from analysis of spatiotemporal data from early in the 2003 outbreak of H7N7 HPAI in the Netherlands
by maximum likelihood estimation methods. Sharkey et al. (2007) developed a
transmission kernel from a priori assumptions, including that the hazard of
infection decays in a Gaussian manner as the distance between farms increases
and that there was negligible risk of local spread of infection at distances greater
than one kilometre (Sharkey et al. 2007). Truscott et al. (2007) appear to have
used a transmission kernel developed from the 2001 foot-and-mouth disease
outbreak in the United Kingdom (adapted from Chis-Ster & Ferguson 2007) that
was calibrated for each scenario so that the basic reproduction ratio (R0) was
consistent with a priori estimates.

Assuming that the hazard posed by an infectious farm is constant over its
infectious period, transmission kernels can be converted into functions that
express the expected changes in transmission rate to neighbouring farms as the
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distance between farms increases. The transmission probability per day for each
of the kernels described above is presented in Figure 5-6, as a function of distance
between farms. Because Truscott et al. did not publish their calibration
parameters, the unfitted transmission kernel was used to develop Figure 5-6 (c).
However, the daily transmission probability derived from Boender et al.’s
transmission kernel is two orders of magnitude lower than those derived from the
other two kernels.

The transmission kernel of Boender et al. was chosen as the basis for the local
spread pathway in AISPREAD because it was derived from data from a real HPAI
outbreak. However, local spread of HPAI in Australia could be substantially
different from that experienced in the Netherlands due to management or
environmental factors (discussed further in Section 8.6.3). Because of this, and the
marked differences in transmission probabilities between kernels, the crude kernel
of Truscott et al. was studied in a sensitivity analysis to investigate whether
AISPREAD’s outputs would be affected when the likelihood of local spread was
markedly increased (see Section 8.6).
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(a)

(b)

(c)

Figure 5-6 Daily transmission probability for the local spread pathway for
HPAI as a function of distance between farms derived from (a) the
transmission kernel of Boender et al. (2007) (b) the transmission kernel of
Sharkey et al. (2007) and (c) the transmission kernel of Truscott et al. (2007).
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The local spread pathway is implemented in the model as follows. On each day,
the model identifies all Infectious farms. For each of these Infectious farms, all
Susceptible farms within two kilometres are identified and a transmission
probability is calculated based on the distance between the Infectious and
Susceptible farms. A random number is drawn between zero and one, and if it is
less than the transmission probability, then the farm is assumed to be infected, that
is, its status changes from Susceptible to Latent.

Non-Operational farms are assumed to not be infectious to other farms because
after experiencing high levels of mortality, quarantine restrictions would stop
direct or indirect contact with other farms. Procedures would also be put into
place to minimise the potential spread of infection such as measures to reduce
contact with insects, wild animals and birds, to reduce the movement of fomites
between farms and to prevent potentially contaminated dust from being blown by
ventilation fans or air currents (Animal Health Australia 2008a). To investigate
the consequences of this assumption, sensitivity analysis was conducted to
investigate the implications of allowing local spread to occur whilst premises
were Non-Operational (see Section 8.6).

5.3.3.3.2

Direct spread by poultry movements

In general, movements of poultry between farms in Australia are limited in
frequency and extent, but there are specific instances in the production chains of
chicken meat and chicken egg layer industries where such movements occur.
Some chicken meat breeder operations raise PB or GP breeder chickens on
specialist rearing sites and move stock to breeding facilities once they reach
sexual maturity (Scott et al. 2005). The practice of ‘spiking’, or the introduction of
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younger roosters from other sites into older breeder flocks to stimulate fertility,
also involves the movement of live birds between farms. In the chicken egg layer
industry, a proportion of layer farms are restocked with point-of-lay hens sourced
from specialist pullet farms. Typically, these birds are sourced from farms located
in the same or adjoining states or territories of Australia (Scott et al. 2005). The
transmission of HPAI by movements of live birds is simulated by three separate
pathways: the movement of pullets, the movement of reared breeder birds and the
movement of spiking roosters. The design and implementation of these
transmission pathways is described in Table 5-4.
Table 5-4 Design and implementation of direct spread pathways in the model.
Pathway name
Description
Movement of pullets
When a batch of birds is due to be moved from a
Latent or Infectious pullet farm, a list of layer or
combined layer/pullet farms in the same or adjoining
states of Australia is compiled. A recipient farm is
randomly selected from this list. If this farm is
Susceptible or Removed it becomes Latent. If the
recipient farm is Non-Operational then another farm is
selected from the list.
Movement of reared When a batch of birds is due to be moved from a
breeder birds
Latent or Infectious rearer PB or rearer GP farm, a list
is compiled of PB or GP farms that do not rear juvenile
birds, respectively, that have the appropriate class of
birds, are operated by the same integrator and are
within the same state/territory of Australia. A recipient
farm is randomly selected from this list. If this farm is
Susceptible or Removed it becomes Latent. If the
recipient farm is Non-Operational then another farm is
selected from the list.
Movement of spiking This pathway is implemented for chicken meat PB
roosters
farms. If a Susceptible breeder farm is due to receive
spiking roosters, a list is developed of farms that have
the appropriate class of birds, are operated by the same
integrator and are located within the same state of
Australia. A farm is randomly selected from the list. If
it contains birds of an appropriate age it is set as the
source of the spiking roosters, if not another farm is
selected. If the source farm is Latent or Infectious then
the Susceptible recipient farm becomes Latent.
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5.3.3.3.3

Indirect spread by fomites

Scott et al. (2005) identified several poultry husbandry practices undertaken by
external service providers that could lead to the dissemination of infection
between farms should personnel, equipment or vehicles become contaminated
with HPAI virus (see Table 5-5). AISPREAD simulates the spread of infection
through the contact networks of these service providers.

For service providers to spread infection between farms, several conditions must
be fulfilled:
o a service provider must visit an Infectious or Contaminated farm;
o fomite(s)

associated

with

the

service

provider’s

visit

become

contaminated;
o the fomite(s) remain contaminated until they contact at least one
Susceptible or Removed farm; and
o HPAI is transmitted to the contacted farm(s), which become Latent or
Contaminated.

Each day, the model identifies whether visits by service providers are scheduled
on Infectious or Contaminated farms. If a contact is due to occur the model
probabilistically determines whether the fomites involved in the visit become and
remain contaminated, based upon probabilities of contamination determined using
a factor representing the efficacy of biosecurity practices used to contain infection
on the farm (biocontainment). This is assumed to vary by farm type and has been
estimated from expert opinion (see Chapter 6).
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Once the fomites become contaminated, the model identifies Susceptible or
Removed farms that are due to be contacted by the particular service provider
during the period of time the fomites are likely to remain contaminated. Farms
that are contacted on the same day become Latent or Contaminated based upon a
transmission and a weighting factor representing the probability that biosecurity
practices on the recipient farm would prevent poultry on the farm becoming
infected (bioexclusion). The likelihood of transmission is scaled down further for
farms contacted on subsequent days, based on experimental data on virus survival,
to account for the decay of virus on fomites over time. It was assumed that the
reduction in infectiousness of fomites is correlated with the log reduction HPAI
virus titre in contaminated chicken faeces (Shortridge et al. 1998, see Table A39).

Cross-sectional surveys of commercial Australian poultry farms conducted in
2005 and 2007 (see Section 5.2.1) recorded the identity of companies providing
services to farms. However, companies involved in the transportation of feed, the
delivery of day-old chicks and the collection of dead birds are known to operate a
number of independent crews and vehicles. To avoid overestimating the spread of
infection, it is assumed that feed mills, hatcheries and companies involved in the
collection of dead birds have a number of vehicles and drivers that visit poultry
farms, and that each is equally likely to contact a poultry farm due for a visit on a
particular day. For example, if a service provider operates five vehicles and one
becomes contaminated, assuming that cross-contamination does not occur, the
other four vehicles would not be able to transmit infection. Farms that are due to
be visited by this service provider are assumed to have a 1/5 probability of being
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contacted by the contaminated vehicle. Hence, the number of vehicles operated by
each company is used to reduce the probability of spread occurring, if the service
provider operates multiple vehicles. If transmission occurs, farms are set to
become Latent or Contaminated when the contact is due to occur. In cases where
farms use more than one contractor for a particular service, one of the listed
providers is selected randomly from a uniform distribution each time a visit is due
on the farm. This approach does not account for service providers to have regular
routes, and might overestimate the long distance distribution of infection.

Specific information about the design of different spread pathways is contained in
Table 5-5. The transmission of infection associated with the movement of chicken
meat broilers and meat turkeys to slaughter is captured in a different pathway to
the transmission of infection associated with the transportation of other poultry
types to slaughter. This is because broiler and turkey grower farms operate under
a partial depletion system, where a proportion of birds are moved to slaughter at
different ages. Duck grower farms are not believed to operate under a partial
depletion system in Australia (Peter Scott, pers. comm., April 2008). Under these
systems, pickup crews may visit more than one farm per day (Scott et al. 2005,
Peter Scott, pers. comm., April 2008). This differs from other poultry farms,
where it is assumed that slaughter crews visit one farm per day.
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Table 5-5 Description of indirect spread pathways.
Pathway name
Description
Feed deliveries Populated farms that source feed from external suppliers are
assumed to receive feed deliveries periodically.
Dead bird
Farms listed as using staff or commercial contractors to dispose
collection
of dead birds off-site are assumed to have dead bird pickups
periodically if they have poultry on site. Dead bird collection
does not occur when farms are Empty.
Litter and/or
Litter and/or manure collection is assumed to occur on farms
manure
that use contractors to dispose of this material. It is arbitrarily
collection
set to occur after 1/6 of the turnaround period between batches
has elapsed.
Day-old chick
Day-old chick delivery occurs on all farms except those which
delivery
source mature birds for replacement stock (i.e. layer farms and
certain chicken meat breeder flocks). Day-old chick delivery is
scheduled to occur at the end of the production cycle, when
new batches of birds are due.
Litter delivery
Litter delivery is assumed to occur on farms that use litterbased production systems. It occurs after 5/6 of the turnaround
period between batches has elapsed.
Routine
Sanitation crew visits occur on farms that employ external
sanitation
personnel to sanitise sheds and equipment. This occurs after ½
of the turnaround period between batches has elapsed. Duck
and turkey farms are not affected by this pathway, because they
typically use farm staff to complete this operation. This
pathway was not identified as a hazard for these farms (Scott et
al. 2005).
Used cardboard This pathway exposes chicken egg layer or pullet and layer
egg trays
flocks to infection via the movement of used cardboard egg
trays. If a consignment of eggs is sent to a grading/packing
floor from an infectious farm, a list of all farms associated with
that floor that are currently producing eggs is compiled. For
each of these premises, it is probabilistically determined
whether they would re-use cardboard trays and whether they
would receive a batch of used egg trays that day. If so, it is then
determined whether the contact would be effective to transmit
HPAI.
Routine
The chicken meat and layer industries implement highly
vaccination
structured vaccination programmes on breeder and layer farms,
and several vaccines for breeder and layer chickens require
individual birds to be handled for administration. Vaccination
crew visits are assumed to occur three times for each cohort of
birds. It is assumed that vaccination crews do not visit more
than one farm in a day. Duck and turkey farms and independent
chicken meat farms are not affected by this pathway because
these industries do not conduct routine vaccination or use farm
staff to conduct this operation (Scott et al. 2005).
141

CHAPTER 5
Table 5-5 Description of indirect spread pathways.
Pathway name
Description
Slaughter crews Poultry on all farms except broiler or turkey grower farms are
assumed to move birds to slaughter at the end of each
production cycle. Slaughter crews do not visit more than one
farm in a day.
Broiler/turkey
Integrated broiler farms are managed using a partial depletion
pickup crews
system, where a proportion of birds are moved to slaughter at
different ages. This occurs three times throughout the
production cycle of a broiler farm. Integrated turkey grower
farms send female birds to slaughter at an earlier age than male
turkeys. This occurs once in the production cycle of a turkey
grower farm. Independent broiler and turkey grower farms
typically use farm staff and vehicles to transport birds to
slaughter or use on site processing plants and are not affected
by this pathway (DAFF, unpublished data Scott et al. 2005).

5.3.4 Mitigations module
Current policies for the control and eradication of HPAI, specified in
AUSVETPLAN, have been summarised in Section 2.6. The preferred response to
outbreaks of HPAI in commercial flocks would be to stamp-out infection. This
would be achieved by quarantining Infected Premises (IPs) or those suspected to
be infected (Suspected Premises or SPs) and preventing unnecessary movements
of live birds or fomites on and off these properties. Although reporting, diagnosis
and tracing were assumed to have 100% specificity in the model, a farm’s disease
control status (i.e. SP, DCP or IP) is captured independently from the farm’s
infection states, so with some modification, HPAI-negative farms could be
suspected, traced or diagnosed positive. Samples would be taken from birds on
SPs for diagnostic testing to confirm their infection status. All poultry would be
culled on IPs and these farms would be decontaminated and disinfected and
prevented from restocking unless authorised. Tracing would be conducted to
identify movements of live birds and fomites onto and off IPs. Dangerous contact
premises (DCPs) are defined as those which have had risky contacts with an IP.
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These premises would be placed under quarantine and scheduled for a
surveillance visit by disease control authorities to clarify their infectious status.

A Restricted Area (RA) would be gazetted with a boundary of between one to five
kilometres around all IPs, and certain movements of susceptible birds and
potential fomites within the area would be restricted. A larger Control Area (CA)
would be created with a boundary of at least 2 to 10 kilometres around the RA to
buffer the remainder of the poultry industry. Much like the RA, restrictions would
be placed on the movement of poultry and specific fomites within the CA. Farms
in the RA and CA would be prevented from restocking until 21 days after the
decontamination of the last farm in the area.

After HPAI is confirmed, an active surveillance campaign would commence in
the RA and CA. This would involve dead bird surveillance, i.e. the sampling of
dead poultry from farms for post mortem and RT-PCR testing. To avoid the
further spread of virus through routine field investigations, surveillance visits
where authorised staff would enter farms to take samples would be restricted to
farms that were displaying unusual clinical signs, increased mortality or deemed
at risk through tracing. Passive surveillance would also occur through the selfreporting of suspicious clinical signs or mortalities in a flock to authorities.

Emergency vaccination (either buffer or suppressive vaccination) may be
considered to augment a stamping-out policy by reducing the transmission of
infection. In cases where there are large populations of broilers or grower turkeys
and ducks in the region it may be advantageous to slaughter the population
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through processing plants to reduce the susceptible population and minimise the
adverse animal welfare impacts of movement restrictions. This is referred to here
as ‘process slaughter’. Pre-emptive culling may also occur, either on DCPs or on
populated farms in the vicinity of IPs. The following sections describe how these
strategies are implemented in AISPREAD.

5.3.4.1

Passive surveillance

After an incubation period has elapsed, HPAI is detected on Infectious farms and
suspicious clinical signs of HPAI are ‘reported’ to authorities. This is assumed to
occur when daily mortality exceeds 1% (Animal Health Australia 2007b),
determined from studies of a flock-level simulation model (presented in Chapter
7). However, it is recognised that many poultry farms maintain detailed
monitoring programs that capture feed and water intake, egg production,
mortalities and feed conversion in electronic databases. Therefore, in some cases,
this assumption of reporting when daily mortality exceeds 1% may be somewhat
pessimistic. When farms report infection they become SPs, are placed under
quarantine and are scheduled for a visit by a surveillance team as part of the
emergency response.

It is assumed that unvaccinated sentinel chickens would be placed in vaccinated
flocks and monitored for clinical signs of HPAI to detect potential incursions.
Infectious vaccinated farms are assumed to report infection after the death of one
or more sentinel birds. Parameter estimates for the sensitivity and timeliness of
this method to detect incursions in typically structured chicken meat, chicken egg
layer, duck and turkey flocks vaccinated once and twice were derived from a
farm-level model of HPAI, presented in Chapter 7.
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5.3.4.2

Active surveillance

Active surveillance can occur by the sampling of dead birds from farms within the
RA and CA. This involves taking tracheal and cloacal swabs from dead birds for
detection of viral RNA by RT-PCR. This commences four days after the index
farm is identified to account for the time required to mobilise personnel and
equipment. Dead bird surveillance, where dead birds are collected from selected
farms, is set to occur on 50% and 10% of the premises within the RA and CA
every seven days, respectively (Animal Health Australia 2008a). It is assumed
that results of testing are available the next day (consistent with the turnaround
time of the RT-PCR test reported in Section 2.5.1).

5.3.4.3

Surveillance visits

SPs and DCPs are scheduled for visits by surveillance teams. In order of
importance, surveillance is prioritised for:
o DCPs; then
o SPs; then
o farms outside the RA or CA; then
o farms in the CA; then
o farms in the RA; then
o farms that have been scheduled for a surveillance visit for longer periods
of time.

Surveillance visits are prioritised for farms outside the RA or CA, then for farms
in the CA and then for farms in RA because the purpose of this surveillance is to
determine the geographical extent of infection (Animal Health Australia 2008a).
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Clearly, the consequences of delayed detection of infection in areas outside the
RA or CA, or even within the CA, could be more severe than within the RA,
where premises are already placed under quarantine and movement restrictions.

The number of surveillance visits that can occur each day can be limited to
account for finite resources, although this made little difference in the sensitivity
analysis studies (Section 8.6), and is assumed to be unlimited in other studies
presented in Chapters 8, 9 and 10. After samples are taken, farms are scheduled
for diagnosis the next day, consistent with the time required to complete RT-PCR
or cELISA testing (see Sections 2.5.1 and 2.5.3).

5.3.4.4

Diagnosis

In the model, the results of diagnostic testing and the time until a diagnosis is
made are set when samples are taken. Samples taken from Infectious and NonOperational farms can return positive results. Initially it was assumed that the
sensitivity of dead bird surveillance was 100%, and even though results of
sensitivity analysis studies presented in Section 8.6 revealed no substantial change
in the number of infected farms, eradication time or the final size of the RA, this
parameter was reduced to 95% for both vaccinated and unvaccinated farms for the
validation studies in Chapter 8 and the studies presented in Chapters 9 and 10 to
enhance the plausibility of these studies. Similarly, the sensitivity of surveillance
visits was initially assumed to be perfect, but after sensitivity analysis indicated
that this assumption may reduce the final size of the RA, it was reduced to 95%
for unvaccinated farms. The sensitivity of dead bird surveillance and surveillance
visits was assumed to be 95% because under outbreak conditions standard
operating procedures would be developed to define the number of birds to sample.
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It is reasonable to conclude that these would be designed to provide at least 95%
confidence of detecting HPAI if present at a conservative design prevalence in the
population, and that these procedures would be developed considering the
sensitivity and specificity of diagnostic tests and potential issues to do with
sample quality.

For vaccinated farms, the sensitivity of surveillance is assumed to be 93% (the
sensitivity of a single RT-PCR test), as they are assumed to report infection when
the death of a single sentinel bird would occur. It is recognised that this assumes a
perfect sample quality, which may not always be the case during outbreak
conditions. Although the effects of autolysis on the diagnostic sensitivity of
Influenza A PCR tests are not known, one study has reported that this test could
consistently detect Influenza A RNA even in samples from wild bird carcasses
that had moderate to severe autolysis (Ellis et al. 2009). Both dead bird
surveillance and surveillance visits are assumed to have 100% specificity for
computational efficiency, consistent with other models of the between farm
transmission of HPAI reviewed in Chapter 3. This assumption could affect the
workload for surveillance, diagnosis and depopulation of farms.

Farms that return positive results become IPs and are scheduled for culling.
Negative farms are set for further dead bird surveillance, if in the RA or CA
zones.

5.3.4.5

Tracing

Forwards and backwards tracing is performed on all newly identified IPs. This is
done by recording all transmission events on Infectious farms in a list. Tracing is
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conducted by searching this list to identify movements of live birds and service
providers that were involved in the spread of infection to or from the IP within the
21 days prior to diagnosis (Animal Health Australia 2008a). Conceptually, tracing
can be considered in a similar manner to an imperfect diagnostic test, because it
relies upon the quality of records or the memories of farm staff and the ability of
the tracing manager to prioritise different types of contacts. This imprecision can
be accounted for by varying the sensitivity of tracing. Although initially this was
assumed to be 100%, results of sensitivity analysis studies indicated that reducing
the sensitivity of this parameter to 50% only affected the spatial distribution of
infection, and did not have an important impact on the number of infected farms
or the epidemic duration. This was reduced to 95% in the validation studies
presented in Chapter 8 and in Chapters 9 and 10. Farms identified by tracing are
identified as DCPs and are scheduled for surveillance visits or pre-emptive
culling.

5.3.4.6

Zoning

RA and CA zones are set as buffer zones around IPs and DCPs. Initial buffer
widths are set to three kilometres for RA and 10 kilometres for CA, although
these are increased for certain studies that evaluate different mitigation strategies
presented in Chapter 10. These zones have implications for the implementation of
surveillance and quarantine and movement restrictions.

5.3.4.7

Quarantine and movement restrictions

Table 5-6 lists how quarantine and movement restrictions affect specific
transmission pathways in the RA and CA, and on SPs, DCPs and IPs. In
AISPREAD, activities that are listed as ‘allowed by permit’ in AUSVETPLAN
148

CHAPTER 5
are assumed to occur, but those designated as being ‘Prohibited unless exceptional
circumstances exist and the permit is approved by the jurisdictional Chief
Veterinary Officer’ are assumed not to occur. Farms that are prevented from
moving birds to slaughter can be identified in the model. This is particularly
important for broiler farms, because thinning visits are critical to ensure that there
is adequate space as birds in the flock increase in size. If these routine movements
are not allowed, this could lead to animal welfare concerns due to overcrowding.

Table 5-6 Effect of quarantine and movement restrictions on transmission
pathways.
Dangerous
RA/Vaccinated
Suspected
contact
Infected
Pathway
premises
CA
premises
premises
premises
Local spread





Live
bird
movements





between farms
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of
broilers
and
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slaughter
by
pickup crews
Feed deliveries





Dead
bird





collection
Egg movements





Routine visits by





vaccination crews
Litter and manure





collection
Sanitation crews





Litter delivery





Day-old
chick





delivery
 occurs;  does not occur; a although only allowed under exceptional
circumstances, it is conceivable that the slaughter of broiler chickens could be
permitted for welfare reasons
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5.3.4.8

Culling, disinfection and decontamination of farms

Consistent with the policy outlined in AUSVETPLAN, IPs are set for culling after
they are diagnosed. Pre-emptive culling of Populated farms in the RA can also
occur (see Section 5.3.4.9). Culling is prioritised for farms where (in order of
importance):
o culling has started, but has not been completed; then
o IPs; then
o farms that are not IPs (where pre-emptive culling is assumed).

Culling, decontamination and disinfection are assumed to proceed at a rate of one
shed of birds per day and the number of culling teams can be limited to account
for resource constraints. It is assumed that all farms become Removed after
culling, disinfection and decontamination.

5.3.4.9

Pre-emptive culling

Pre-emptive culling can be included in the model by scheduling all Populated
farms that are not known to be infected within the RA for depopulation.

5.3.4.10 Process slaughter
AISPREAD has the option to slaughter broiler chickens and grower turkeys on
farms within the RA that have no evidence of infection earlier in their production
cycle (i.e. at younger ages) to reduce the density of poultry in a region. If this
option is selected, after the RA is declared broiler and turkey grower farms in the
region are completely destocked when their next thinning visit is due, provided
diagnostic tests taken during a surveillance visit the previous day were negative.
This assumes that there would be sufficient personnel available to catch and
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transport birds to slaughter and processing plants would have the capacity to
receive the additional workload. When this policy is implemented in the model, it
is assumed that duck grower farms in the RA may also send birds to slaughter
after testing negative for HPAI the previous day.

5.3.4.11 Emergency vaccination
The model can implement two emergency vaccination strategies: suppressive
vaccination in the RA and buffer vaccination in a ring shaped zone around IPs.
The model could easily be adapted to assess the effectiveness of protective or
preventive vaccination (described in Section 2.6.7.1), but these strategies were not
initially included because the objectives of the model were to assess the
effectiveness of different strategies to control and eradicate infection if established
in Australian poultry and not to assess strategies to protect high value or rare birds
nor to reduce the likelihood of HPAI introduction into poultry.

If suppressive or buffer vaccination is chosen as a control measure it is assumed
that vaccination of poultry could commence seven days after infection was
confirmed (L. Post, pers. comm., September 2008). This accounts for the time
needed to identify, order, obtain permits for, import and distribute a vaccine from
commercial vaccine production companies in Europe, and for vaccination crews
to be mobilised. The number of crews available to vaccinate birds can be set in the
model to reflect the availability of resources. It is assumed that a maximum of ten
crews would be available, consistent with assumptions used for previous
qualitative studies for the National Avian Influenza Vaccination Expert Advisory
Group (unpublished data). Each crew is assumed to be able to vaccinate 15,000
birds per day (G. Arzey, pers. comm., August 2007). Vaccination crews are
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restricted to visiting one farm per day for biosecurity reasons. One or two rounds
of emergency vaccination can be implemented, although for the studies presented
in Chapter 10 it is assumed that two rounds of vaccination would be used. Where
a second dose of vaccine is administered, it is assumed that this is given at least
14 days after the first dose, the shortest inter-vaccination interval used in
challenge trials for HPAI (Lee et al. 2004).

Vaccination is scheduled (in order of precedence) for:
o farms on which vaccination has commenced, but it has not been
completed; then
o farms that are due for their first dose of vaccine (over those due for a
second dose); then
o farms that have been due for vaccination for longer periods of time; then
o farms that are furthest from an IP.

Farms that are due for the first round of vaccination are prioritised over those due
for the second dose because it is considered advantageous to have a higher
number of farms with partial protection compared with fewer farms with full
vaccine-derived protection. Farms that are furthest from an IP are prioritised over
those closer to IPs because distant farms may be more likely to develop protective
immunity against infection, and there would be little advantage vaccinating farms
that are likely to become exposed before protective immunity would occur (L.
Sims, pers. comm., July 2007).
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After the first or second round of vaccination has been completed on a farm, a
period of 14 days must elapse before poultry develop protective immunity from
the vaccine, which is consistent with the studies reviewed in Section 2.4.7. It is
assumed that farms with vaccine-derived immunity can still become infected with
HPAI, because current vaccines do not provide sterilising immunity in individual
birds and not all birds will respond adequately to vaccine. However, because
vaccinated poultry have increased resistance to infection and shed markedly less
virus than non-vaccinated birds (Section 2.4.7), vaccinated farms in the model are
assumed to be less susceptible to infection and less infectious to other farms
compared with non-vaccinated farms. Under baseline parameter assumptions,
vaccinated farms are assumed to be between 62 and 100% as susceptible as nonvaccinated farms (depending upon the whether the farm had received one or two
doses of vaccine) and 20% as infectious as non-vaccinated farms (Table A3-11).

If a vaccinated farm is exposed to infection, the reduced susceptibility of the flock
is incorporated by reducing the probability of infection by a factor that accounts
for the relative probability of infection becoming established compared with that
of an immunologically naïve flock. As mentioned in Section 5.3.4.1, the
sensitivity of sentinel surveillance is assumed to be imperfect. Results from the
farm-level model presented in Chapter 7 for different types of farms have been
used for parameter estimates for the susceptibility, sensitivity and timeliness of
sentinel surveillance to detect HPAI in different farm types, initially assuming the
level of flock immunity after vaccination is 80% (Section 7.2.4).
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The probability of infection spreading from a vaccinated flock is reduced by a
factor accounting for the reduced virus production by vaccinated flocks. This is
initially assumed to be 20%, corresponding to the proportion of the population not
adequately responding to infection if flock immunity is assumed to be 80%.

If infection is not detected on a vaccinated farm, it is assumed that the farm will
become fully Immune rather than Non-Operational, because an appropriate
vaccine should markedly reduce the morbidity and mortality in individual birds
post infection (Section 2.4.7). Vaccinated farms are prevented from becoming
restocked with mature birds or day-old chicks.

5.3.5 Model outputs
AISPREAD is a flexible package that can be configured to provide a range of
tabular and graphical outputs depending on user requirements. For example,
single runs of the model can be used to create realistic epidemic curves, maps,
surveillance and tracing data, which can be used for desktop simulation exercises.
Because AISPREAD is a stochastic simulation model, multiple model runs are
necessary to estimate the range of potential outcomes for a particular introduction
scenario. In these instances, the user can generate aggregate statistics to compare
the outcomes of multiple runs of the model. These include:
o the time until an outbreak is eradicated (i.e. when there are no further
Latent, Infectious, Contaminated or Non-Operational farms);
o the number of farms infected;
o the number of farms culled;
o the number of birds dead from infection or culled;
o the area and number of farms contained in RAs and CAs;
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o the number of birds and farms vaccinated, with one or two doses of
vaccine, if vaccination is used as a control measure;
o the number of doses of vaccine used;
o the time taken to complete emergency vaccination;
o the distribution of the number of secondary infections per infected farm;
and
o the number of farms overdue to move birds to slaughter due to movement
restrictions.

Thematic maps can also be created to display the spatial extent of infection for
multiple runs of the model, using a base map made by dividing the Australian
continent into 25 by 25 kilometre grid squares. This map can be used to display
variation in the spatial extent of infection by showing for each grid square the
proportion of model runs in which one or more poultry farms became infected.

5.3.6 Development environment
AISPREAD has been developed using MapBasic 9.5 (Pitney Bowes Business
Insight, Troy, NY, USA), the scripting language for the geographical information
system MapInfo (Pitney Bowes Business Insight, Troy, NY, USA). An advantage
of choosing the MapBasic development environment for AISPREAD is that it
includes many sophisticated geographical and mapping functions, incorporating
spherical geometry, that are not built into generic programming languages such as
Java (Sun Microsystems Inc., Santa Clara, CA, USA) or Visual Basic (Microsoft
Corporation, Redmond, WA, USA). Known limitations of MapInfo’s pseudorandom number function (Van Niel & Laffan 2003) have been overcome by using
an alternative algorithm, called the Mersenne Twister, for pseudo-random number
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generation (Fog 2007), which is considered to be appropriate for Monte Carlo
simulation (Van Niel & Laffan 2003). Although MapInfo does not include
sophisticated data analysis functions, outputs can be exported into spreadsheet or
statistical analysis packages as text files for visualisation and analysis.

5.4

Discussion and conclusions

Simulation modelling approaches have been used in the field of infectious disease
epidemiology in animal populations for over three decades (since Miller 1976).
Over this period, theoretical biologists and veterinary epidemiologists have
created models of infectious animal diseases with increasing levels of
sophistication as computer power and the availability of population data has
improved. However, the development of epidemiological models is a compromise
between developing a model that is complex enough to realistically represent
current knowledge about the disease process and the amount and quality of data
that is available to parameterise the model (discussed in Section 3.7).

AISPREAD is a flexible and robust platform that can be used to investigate the
spatial and temporal spread of HPAI between commercial Australian poultry
farms and the implications of different control strategies. Because AISPREAD
uses Monte Carlo methods to estimate output distributions, rather than relying
upon closed mathematical solutions, it can simulate complex differences in the
management characteristics, contact networks and the behaviour of HPAI on
different poultry farms through a series of rules represented in its code. MapBasic
is a relatively simple and intuitive computer language that incorporates
sophisticated geographical functions. Model developers using this programming
language do not necessarily require a background in computer science to create
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sophisticated models. This simplifies the task of developing and adapting the
model’s code, allowing the investigation of alternative assumptions.

AISPREAD uses real demographic data from surveys of the Australian poultry
industries and it has been developed after extensive consultation with government
and industry experts. Because of this high level of detail, conclusions drawn from
model results are intuitive and can be readily extrapolated to the real world.
AISPREAD is more comprehensive than other models for HPAI in commercial
poultry production systems that have been described in the peer-reviewed
literature (Le Menach et al. 2006; Sharkey et al. 2007; Truscott et al. 2007;
Dorigatti et al. 2010). Like the model of Dorigatti et al. (2010), AISPREAD
accounts for the periodic depopulation and repopulation of poultry farms, which is
important because it functionally reduces the proportion of at risk farms in the
study population. Indeed, single aged broiler farms alone represent over 45% of
the study population and at any point in time on average 20% are Empty in the
model. This design feature also allows AISPREAD to track the number of farms
that have birds that are overdue for slaughter, which can be important in the case
of broiler farms where overcrowding might have animal welfare implications.
AISPREAD simulates the spread of HPAI by a wider range of transmission
pathways than these models (Section 3.6.2, Tables 5-4 and 5-5 and Section
5.3.3.3.1). These pathways are realistic and have been designed and implemented
after a hazard identification study of potential mechanisms of spread between
Australian poultry farms (Scott et al. 2005) and further consultation with
representatives of the Australian poultry industries. Also, these other models do
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not account for different levels of biosecurity on different types of farms which
might be important in the secondary spread of infection.

The major limitation of the design of this model is that it requires a large number
of parameters, and some of these cannot be estimated from observational data
from HPAI epidemics in Australia and overseas. These uncertainties include
biosecurity parameters (i.e. biocontainment and bioexclusion probabilities),
whether farms increase in infectiousness over time after infection, the duration of
farm level reporting and infectious periods, and the probability of transmission by
local spread and indirect contacts. These parameters have been estimated from
expert opinion studies (Chapter 6) and studies of a farm level simulation model
(Chapter 7). This is a common shortcoming of complex simulation models,
particularly for exotic animal diseases. For this reason, sensitivity analysis has
been conducted on these uncertain parameters to identify those which affect key
model outputs, including the number of infected farms, the time until infection is
eradicated and the final size of the RA (used here as a surrogate to measure the
spatial distribution of infection). These studies are presented in Section 8.6.

Influenza viruses are renowned for their high rates of genetic and antigenic
change and they can adapt rapidly to different ecological niches. For this reason,
future outbreaks of HPAI may not necessarily have the same epidemiological
characteristics as those described previously in Australia or overseas. Although
AISPREAD has been developed using the best available data, the farm level
behaviour of HPAI viruses and the mechanisms of local and indirect spread of
infection are not well understood. Into the future, it is likely that there will be
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changes in the structure and dynamics of the Australian poultry industries. Control
measures for HPAI may also change, particularly if appropriate mass vaccination
technologies were available or if public opinion changes towards the mass culling
of poultry. For this model to build and maintain credibility with policy makers it
must be periodically revised to reflect changes in the understanding of poultry
industries and the epidemiology of HPAI.

In summary, AISPREAD is a sophisticated stochastic simulation model designed
to simulate the spatial and temporal spread of HPAI between commercial
Australian poultry farms by direct, indirect and local spread pathways. Because it
takes into account different geographical and management factors of farms, it
provides a robust platform to investigate the consequences of different
introduction scenarios in different regions and industry sectors. It is also designed
to examine the effectiveness and logistical implications of different combinations
of mitigation strategies including stamping-out, zoning, movement restrictions,
quarantine, surveillance and vaccination.
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Chapter 6. Eliciting expert opinion on the
probability of indirect spread of HPAI between
farms

6.1

Introduction

In Australia, service providers to the poultry industries routinely visit different
types of farms over large catchment areas in regions of Australia, and these
movements could be important in the indirect spread of HPAI between different
farms, companies, industries and regions (Chapter 4). The likelihood of
transmission associated with these movements is expected to vary depending on
the frequency of contacts and the level of biosecurity practiced on the source and
contact farms. Many types of service providers have been associated with the
potential or actual spread of HPAI between poultry farms (Table 2-3). However,
there is little published information on the relative importance of these activities
on the spread of HPAI in Australia or overseas. Furthermore, the effectiveness of
biosecurity practices may vary between different poultry farm types in Australia
(particularly between integrated and independent production farms), but there is
little quantitative information about the effectiveness of routine measures to
prevent the release of HPAI virus from infected farms on fomites and the
subsequent infection of susceptible poultry after exposure to contaminated
fomites.

Feed companies, hatcheries and dead bird disposal companies may operate more
than one vehicle or team. Feed companies, hatcheries and dead bird disposal
companies may operate more than one vehicle or team. It is important to capture
160

CHAPTER 6
the number of vehicles or teams operated by these types of service providers
because AISPREAD captures the identity of the company, but not individual
vehicles or teams. For example, consider the situation where a feedmill operates a
number of trucks, but only one is contaminated. A farm receiving a delivery of
feed may be contacted by the contaminated truck or by one of the other trucks that
are not contaminated. Not accounting for multiple vehicles or teams associated
with a company might therefore cause AISPREAD to overestimate the
transmission of HPAI. Unfortunately, information about the number of vehicles or
teams was not captured in either of the national surveys of poultry farms.

Although the re-use of cardboard egg trays has been identified as a biosecurity
risk in the chicken egg layer industry (Scott et al. 2005), no field studies have
been conducted to describe this practice in Australia.

Expert judgement may be used to estimate parameters for quantitative risk
assessment studies in cases where appropriate field or experimental data are
unavailable. Formal techniques to elicit expert opinion have been used to assess
risks in a variety of areas including medicine (e.g. Van der Gaag et al. 2002),
seismology (e.g. Budnitz et al. 2006), finance (e.g. Dominitz 1998) and radiation
safety (e.g. Harper et al. 1995). Although examples of expert opinion studies are
less common in the field of animal health, methods based on the Delphi technique
have been used to qualitatively or quantitatively assess the risk of introduction and
transmission of infectious diseases in livestock (e.g. Carmody et al. 1984; Forbes
et al. 1994; Gallagher 2005). This method is briefly described below.
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Traditional Delphi methods involve a number of rounds of anonymous,
questionnaire-based surveys to elicit opinions from a group of experts. After each
round, participants are provided with written summaries of the group’s responses
and are encouraged to review their answers in the context of this new information.
This process is continued for a fixed number of rounds or until consensus is
reached. As this feedback does not involve face-to-face discussion between
experts, this method allows knowledge to be shared between members of the
group without introducing potential biases due to interpersonal conflict (Rowe &
Wright 1999). This method was used by Carmody et al. (1984) to estimate
parameters for a benefit/cost analysis of ovine footrot eradication in NSW.
However, as with all self administered questionnaires, these studies may suffer
from low response rates (Thrusfield 2007). Fatigue bias may also be an issue,
particularly if questionnaires are long or several rounds of questionnaires are
required.

Forbes et al. (1994) used a modification of the traditional Delphi method, referred
to here as a ‘Delphi conference’, to estimate the probability and potential impact
of a foot-and-mouth disease epidemic in New Zealand. In this method, experts
participated individually in an anonymous postal questionnaire before
participating in a day-long plenary workshop where aspects of the previous
questionnaires were discussed. In the workshop, participants were provided with
summaries of their responses and the overall group responses. Participants were
encouraged to discuss the reasoning behind their responses with the group. After
the discussion they were invited to reassess their original responses anonymously
and individually in a post-conference questionnaire. A similar approach has been
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used to assess the risks of transmission of Mycobacterium bovis between badgers
and cattle in the United Kingdom (Gallagher 2005). Advantages of this approach
over the traditional Delphi method are that participants are allowed to share
knowledge in a semi-structured group discussion, but potential psychological and
social sources of bias due to group interaction are limited because experts answer
questionnaires anonymously at the end of the workshop (Gallagher 2005).

A Delphi conference approach, modified from the approach used by Forbes et al.
(1994) and Gallagher (2005), was used in this study to gather the opinions of
Australian poultry industry professionals to parameterise AISPREAD.

This study involved an initial online questionnaire, a facilitated face-to-face
workshop discussion session and a final paper questionnaire.

6.2

Methods

6.2.1 Selection of participants
Twelve poultry veterinarians and scientists were identified as potential candidates
for participation in the study, based on the criteria of experience in the Australian
poultry industries or involvement in the management of HPAI outbreaks in
Australia or overseas. Candidates were invited to participate in the study in an
email which contained a description of the aims and methods of the study.

6.2.2 Design of the questionnaire
A questionnaire with five sections was designed to gather information regarding:
(i)

the participants’ professional background;
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(ii)

the likelihood of HPAI spreading between poultry farms by different types
of indirect contacts;

(iii)

the relative effectiveness of biosecurity measures on different types of
farms to prevent the release of HPAI virus on fomites and to prevent the
infection of poultry after contact with contaminated fomites;

(iv)

the number of trucks operated by individual feed mills, hatcheries and
waste disposal companies; and

(v)

the likelihood of HPAI transmission posed by the movement of used
cardboard egg trays in the chicken egg layer industry. The content of the
questionnaire

was

reviewed

by

two

independent

veterinary

epidemiologists. It was not piloted because the small pool of expert
candidates in Australia meant that excluding participants in the pilot study
from the final study (as suggested by Thrusfield 2007) would have further
reduced the limited sample size.

The questionnaire included a total of 55 questions (see Appendix 4). Quantitative
data were estimated as single point estimates for Sections (iii) and (v) and as a
three-point estimate (representing the minimum, maximum and most likely values
of probability distributions) for Sections (ii), (iv) and (v). Questions where
participants were required to provide estimates of the minimum, maximum and
most likely values of a probability distribution were ordered so that the most
likely value was estimated last. This approach has been suggested to reduce the
likelihood of anchoring bias, where responders use prior estimates of the most
likely value as an ‘anchor’ and adjust their estimates of the range of the
distribution up and down from that point (Vose 2008).
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Participants were asked to estimate probabilities using a six-point ordinal scale
(ranging from negligible to high) (Table 6-1). To avoid ambiguities in the
interpretation of these probability categories, a table was provided which
contained a verbal description and a probability range for each category.
Probability ranges were expressed as natural frequencies (i.e. transmission events
per 1000 contacts), which may be easier to comprehend than proportions or
percentages (Hoffrage et al. 2002). Participants were also provided with a
reference table, which categorised the probability of mortality for Australian
people due to a range of causes using the probability scale as an additional aid
(Table 6-2). For each question in sections (ii) to (v) participants were asked to
assess how certain they were that their response was correct, using a five-point
ordinal scale, that ranged from ‘Not certain at all’ to ‘Very certain’. Verbal
descriptions of each of these categories were also provided (Table 6-3).
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Table 6-1 Probability categories used in the study (adapted from Biosecurity
Australia 2001).
Frequency of transmission (per
Category
Description
1000 farm-to-farm contacts)
The event would almost
Negligible
0 to 0.001
certainly not occur
Extremely
The
event
would
be
0.001 to 1
low
extremely unlikely to occur
The event would be very
Very low
1 to 50
unlikely to occur
The event would be unlikely
Low
50 to 300
to occur
The event would occur with
Moderate
300 to 700
an even probability
The event would be very
High
700 to 1000
likely to occur
Table 6-2 Reference table categorising the frequency of death of Australians
from various causes using the semi-quantitative probability scale (data
sourced from Makdissi & Brukner 2002; ABS 2004; English et al. 2007).
Frequency
Category
Cause
(per 1000
people)
Negligible
Death by lightning strike (per year)
0.0001
Extremely low
Death by transport accident (per year)
0.1
Death by any cause (65 and over years) (per
Very low
42.5
year)
Probability of death within a year after
Low
190
diagnosis of colon cancer (Victoria)
Probability of death within a year after
Moderate
580
diagnosis of mesothelioma (Victoria)
Probability of death within five years after
High
890
diagnosis of lung cancer (Victoria)

Table 6-3 Ordinal scale for participants to express certainty in their
judgement (adapted from A. Breed, pers. comm., February 2008).
Category
Description
Not certain at all
You do not feel qualified to give an opinion
Very uncertain
You slightly prefer your answer to other available choices
Low
level
of
You have some reason or a ‘gut feeling’ for your choice
certainty
You are aware of evidence from a similar situation that
Fairly certain
supports your opinion
You are aware of data which directly supports your
Very certain
opinion
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6.2.2.1

Professional background of participants

In this section, participants were asked a series of open questions about the length
of time they had been involved professionally in the poultry industry, whether
they were employed in government, industry, university or as private contractors,
and if they had previously drafted biosecurity protocols for poultry farms.

6.2.2.2

The probability of HPAI spreading between poultry

farms by indirect contacts
Ten hypothetical HPAI outbreak scenarios were developed to represent each of
the ten indirect transmission pathways in AISPREAD. These were presented to
the participants (Table 6-4). For each scenario, participants were asked to assess
the probability of HPAI transmission in the best plausible case (i.e. lowest
probability), the worst plausible case (i.e. highest probability) and the most
common case (i.e. most likely probability).
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Table 6-4 Description of outbreak scenarios presented to participants.
A multi-aged chicken egg layer farm that is infected with HPAI
Scenario 1
receives a delivery of feed. Later that day, the truck and driver
(feed)
deliver feed to a second chicken egg layer farm.
A waste removal contractor has collected dead bird carcasses
Scenario 2
from a multi-aged chicken egg layer farm that is infected with
(dead
bird
HPAI. Later that day, the same vehicle and driver make a
disposal)
collection of dead birds from a second chicken egg layer farm.
A haulage company collects manure from a multi-aged chicken
Scenario 3
egg layer farm that is infected with HPAI and delivers it to
(manure)
another site. Later that day the truck and driver collect manure
from a second layer farm.
A multi-aged chicken egg layer farm that is infected with HPAI
Scenario 4
receives a delivery of day-old chicks from a hatchery in the
(day-old chick
region. Later that day, the truck and driver deliver another batch
delivery)
of day-old chicks to a second chicken egg layer farm.
A multi-aged chicken egg layer farm that is infected with HPAI
Scenario 5
receives a delivery of fresh litter from a litter supplier. Later that
(litter delivery) day, the truck and driver make a delivery of litter to another layer
farm.
A sanitation crew visits a multi-aged chicken egg layer farm that
Scenario 6
is infected with HPAI and decontaminates and disinfects an
(sanitation
empty shed on the property. Then next day this crew visits
crew)
another layer farm.
Consignments of eggs are transported daily from a multi-aged
Scenario 7
chicken egg layer farm that is infected with HPAI to a grading
(cardboard egg and packing floor using cardboard egg trays. Another layer farm
trays)
also supplies eggs to this grading and packing floor. The next day
egg trays from the infected farm are sent to the second farm.
Scenario 8
A vaccination crew visits a multi-aged chicken egg layer farm
(vaccination
that is infected with HPAI to vaccinate pullets. The next day this
crew)
crew vaccinates pullets on another layer farm.
Spent layer hens are transported from a multi-aged chicken egg
Scenario 9
layer farm that is infected with HPAI to slaughter using a
(slaughter
contractor’s truck. The next day this contractor visits another
crew)
layer farm.
A pickup crew catches broilers on a single-aged, integrated
Scenario 10
broiler farm, which are transported to the integrator’s processing
(broiler pickup
plant. Later that night the crew and the truck pickup birds from
crew)
another broiler farm.
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6.2.2.3

The relative effectiveness of biosecurity practices on

different farm types
In this section, participants were asked to assess the relative probability of the
release of HPAI virus on fomites (i.e. personnel, vehicles or equipment) from
different types of infected poultry farms (see Tables 6-6 and 6-7) compared with
an independently operated chicken egg layer farm. For each farm type,
participants were asked to present a single estimate representing the most likely
case on a relative scale (≥ five times more likely, four times more likely, three
times more likely, two times more likely, equally likely, two times less likely,
three times less likely, four times less likely, ≥ five times less likely).

Participants were also asked to assess the relative probability of farm biosecurity
practices preventing introduction of HPAI on different farm types if contacted by
contaminated personnel, vehicles or equipment, compared with independently
operated chicken egg layer farms, using the nine-point relative scale described
above.

6.2.2.4

The number of vehicles operated by feed mills,

hatcheries and waste disposal companies
Participants estimated the minimum, maximum and most likely number of
vehicles operated by feed mills, hatcheries and dead bird disposal contractors.
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6.2.2.5

The risk of HPAI transmission by used cardboard egg

trays
Participants estimated the proportion of chicken egg layer farms that use
cardboard egg trays to store and transport eggs that would be expected to receive
used trays from an external source. They were also asked to quantify the
maximum, minimum and most likely number of times per week that these farms
would receive used egg trays onto the site. Participants were also asked about the
type and quality of records kept about the movements of cardboard egg trays
between premises.

6.2.3 Conduct of the online questionnaire
An online form of the questionnaire was made available using the website
www.surveymonkey.com. An email was sent to each participant inviting them to
complete the online questionnaire, which contained a link to a password protected
website. The questionnaire was made available for a period of 10 days. Two
participants could not access the online questionnaire and completed it in hard
copy format instead.

6.2.4 Conduct of the workshop
Participants’ travel and accommodation expenses to attend a day-long facilitated
workshop in Canberra were paid by the Australian Government Department of
Agriculture, Fisheries and Forestry. It was held two weeks after the online survey
closed. In this workshop experts were presented with summary results of the
group’s responses from the online questionnaire. Questions were considered in a
structured manner and experts were encouraged by the facilitator to discuss the
reasoning and considerations made in their responses with the group. Although
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participants were encouraged to discuss their judgements within the group,
experts were not forced to reach a consensus of opinion, because agreement under
such circumstances can be due to group pressure (Woudenberg 1991). After the
workshop, participants individually completed a hard copy of a cut-down version
of the questionnaire containing the questions from sections (ii), (iv) and (v). This
was returned either in person or by postage-paid envelope. For sections (ii), (iv)
and (v) only the responses to this post-workshop questionnaire were subsequently
analysed. Section (iii) and certain questions in section (iv) of the questionnaire
were not discussed in the workshop because of time considerations. These
questions are included in Section A4.2 in Appendix 4. For these questions,
responses to the online questionnaire are reported.

6.2.5 Data analysis
Data from the online and workshop questionnaires were entered directly into
Microsoft Excel (Microsoft Corporation, Seattle, WA, USA), which was used to
generate descriptive statistics for responses requiring single point estimates.
Responses obtained using the categorical probability scale were translated into
point probabilities using the arithmetic mean of each probability range. In cases
where minimum, maximum and most likely point estimates of a probability
distribution were obtained, each participant’s estimates were used to define
BetaPert distributions in the @RISK 4.0 add-in software for Microsoft Excel
(Palisade Corporation, Ithaca, NY, USA). These distributions were combined
using the Discrete function using each participant’s self-assessed level of certainty
as a weighting factor, coded from one (‘Not certain at all’) to five (‘Very certain’),
as suggested by Vose (2008). This function allows experts’ probability density
functions to be combined into a discrete probability density function using Monte
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Carlo methods. For each run of this simple Monte Carlo model, one of the
experts’ probability distributions is selected randomly according to the assigned
weighting factor and a value is randomly sampled from that expert’s probability
distribution. Results of many runs are then combined into a discrete probability
distribution. Further description of this approach can be found in Vose (2008).

Five thousand stochastic simulations were run to estimate each combined
distribution and the results were graphed using the statistical package R 2.7.0 (R
Development Core Team, Vienna, Austria). The experts’ responses regarding the
frequency that layer farms would receive batches of used cardboard trays were
combined and analysed in a similar manner. Where single point estimates were
required, the raw median and range of responses were reported.

6.3

Results

Ten of the 12 potential candidates (83%) completed the online questionnaire,
either online (nine) or in hard copy (one). Nine of the 12 experts (75%)
participated in the face-to-face workshop, all of whom had completed the online
questionnaire. The responses of all 10 experts were analysed for section (iv), but
only 9 experts responses were analysed for the remaining sections of the
questionnaire.

6.3.1 Professional background of participants
The 10 participants in the online questionnaire had an average of 28 years
professional experience working in the Australian poultry industries (median 28
years, range 20 to 40 years). They were employed in private consultancy (three
experts), industry (three experts), state/territory governments (three experts) and
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in the university sector (one expert). Nine of the 10 had experience developing
biosecurity protocols for poultry farms.

6.3.2 The probability of HPAI spreading between poultry farms
by indirect contacts
Table 6-5 presents the medians and 95% probability intervals of the participants’
combined probability distributions for each outbreak scenario, together with their
certainty ranges. Figure 6-1 is a box-and-whisker plot of combined probability
distributions for all 10 scenarios, derived from results of the post-workshop
questionnaire.
Table 6-5 Participants’ assessments of the probability of transmission for
Scenarios 1 to 10.
Certainty
Median (95% probability interval)
range a
Scenario 1
0.15 (0.011 to 0.81)
3 to 4
(Feed)
Scenario 2
0.20 (0.016 to 0.82)
3 to 4
(dead bird disposal)
Scenario 3
0.48 (0.091 to 0.82)
2 to 4
(manure)
Scenario 4
0.08 (0.0013 to 0.48)
2 to 4
(day-old chick delivery)
Scenario 5
0.16 (0.0011 to 0.49)
2 to 4
(litter delivery)
Scenario 6
0.14 (0.0017 to 0.48)
2 to 4
(sanitation crew)
Scenario 7
0.45 (0.020 to 0.83)
3 to 4
(cardboard egg trays)
Scenario 8
0.44 (0.11 to 0.73)
3 to 4
(vaccination crew)
Scenario 9
0.66 (0.25 to 0.85)
4 to 5
(slaughter crew)
Scenario 10
0.78 (0.50 to 0.85)
3 to 5
(broiler pickup crew)
a
1= not certain at all; 2= very uncertain; 3= low level of certainty; 4= fairly
certain; and 5= very certain
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Figure 6-1 Box–and-whisker plots of participants’ combined probability
distributions for the probability of spread for Scenarios 1 to 10. (Scenario 1 =
Feed; Scenario 2 = dead bird disposal; Scenario 3 = manure; Scenario 4 =
day-old chick delivery; Scenario 5 = litter delivery; Scenario 6 = sanitation
crew; Scenario 7 = cardboard egg trays; Scenario 8 = vaccination crew;
Scenario 9 = slaughter crew; Scenario 10 = broiler pickup crew.)

6.3.3 The relative effectiveness of biosecurity practices on
different farm types
Table 6-6 illustrates the participants’ opinions regarding the relative probability of
the release of HPAI virus on fomites after contacting different types of poultry
farms, compared with an independently operated chicken egg layer farm.

Table 6-7 presents the participants’ opinions regarding the relative probability of
different types of farms becoming infected after contact with contaminated
fomites, compared with an independently operated chicken egg layer farm.
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Table 6-6 Relative probability of the release of HPAI virus on fomites after
visiting different types of infected poultry farms, compared with a chicken
egg layer farm.
Relative likelihood Certainty range a
Median (Range)
Chicken layer pullet farm
1 (0.5 to 1)
2 to 4
Integrated parent breeder farm
0.33 (0.25 to 1)
3 to 4
Integrated grandparent or great0.25 (≤0.2 to 0.5)
3 to 4
grandparent farm
Integrated broiler farm
1 (0.5 to 1)
3 to 4
Independent chicken meat farm
1 (1 to 1)
2 to 4
Integrated duck grower farm
0.75 (0.33 to 1)
2 to 4
Independent duck farm
1 (1 to 1)
2 to 4
Integrated turkey grower farm
0.75 (0.33 to 1)
1 to 4
Independent turkey farm
1 (1 to 1)
1 to 4
a
1= not certain at all; 2= very uncertain; 3= low level of certainty; 4= fairly
certain; and 5= very certain

Table 6-7 Relative probability of different types of poultry farms becoming
infected after contact with fomites, compared with a chicken egg layer farm.
Relative likelihood Certainty range a
Median (Range)
Chicken layer pullet farm
1 (≤0.2 to 2)
3 to 4
Integrated parent breeder farm
0.33 (≤0.2 to 1)
3 to 5
Integrated grandparent or great≤0.2 (≤0.2 to 1)
3 to 5
grandparent farm
Integrated broiler farm
1 (0.25 to 1)
3 to 5
Independent chicken meat farm
1 (0.25 to 2)
2 to 4
Integrated duck grower farm
0.75 (0.25 to 1)
2 to 4
Independent duck farm
1 (0.5 to 1)
2 to 4
Integrated turkey grower farm
1 (0.25 to 2)
2 to 4
Independent turkey farm
1 (0.33 to 1)
2 to 4
a
1= not certain at all; 2= very uncertain; 3= low level of certainty; 4= fairly
certain; and 5= very certain

6.3.4 The number of vehicles operated by feed mills, hatcheries
and waste disposal companies
Response rates of 70%, 60% and 66% were obtained for questions involving the
number of vehicles or teams operated by feed mills, waste disposal companies and
hatcheries, respectively. Table 6-8 presents the participants’ median probability
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rating for the minimum, most likely and the maximum number of vehicles and
teams for type of service provider, together with their level of certainty. Figure 62 is a box-and-whisker plot of combined distributions of the number of vehicles
operated by the three types of service provider.

Table 6-8 Participants’ estimates of the number of vehicles or teams operated
by different types of service provider.
Median
(95%
probability
Service provider type
Certainty range a
interval)
Feed mills
6 (2 to 29)
3 to 4
Waste disposal companies
4 (1 to 37)
3 to 4
Hatcheries
2 (1 to 3)
2 to 4
a
1= not certain at all; 2= very uncertain; 3= low level of certainty; 4= fairly
certain; and 5= very certain

Figure 6-2 Box-and-whisker plots of participants’ combined distributions for
the number of vehicles or teams operated by feed mills, waste disposal
contractors and hatcheries.
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6.3.5 The risk of HPAI spread by used cardboard egg trays
Eight of the nine participants in the workshop completed this section. They
estimated that the proportion of chicken egg layer farms using cardboard egg trays
that would receive used trays from an external source ranged from 5 to 90%
(median 20%); however, participants were not confident that their estimates were
accurate (their self-assessed level of certainty ranged from ‘Not certain at all’ to
‘Low level of certainty’). Participants thought that farms that used egg trays
would receive batches of used trays onto the site between once every fortnight and
once daily (combined median once every two days). The group indicated that
although records would be available to link a particular farm to an egg floor, the
quality of information regarding dates of egg collection would be limited and it
would be extremely unlikely that information would be kept about the movement
of used trays between sites.

6.4

Discussion and conclusions

In the workshop, participants considered factors such as the proximity of fomites
to poultry on farms, the potential level of virus contamination on fomites and the
quality of routine disinfection and decontamination of fomites coming onto and
off farms to estimate the likelihood of HPAI transmission between farms by
various indirect contacts. Because Australia has had limited experience with the
secondary spread of HPAI, participants used analogies about the spread of other
infectious poultry diseases such as virulent Newcastle disease, Infectious
Laryngotracheitis, Salmonella and Campylobacter.
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These considerations were evident in the combined probability distributions. For
instance, the median probability of spread was less than 0.3 (i.e. less than
‘Moderate’ in the scale presented in Table 6-3) for activities in which fomites are
typically brought into areas of farms distant from sheds (i.e. feed deliveries, dead
bird collection and litter deliveries) and for activities in which a high degree of
decontamination and disinfection are practiced (i.e. day-old chick deliveries and
sanitation crews). Scenarios with ‘Moderate’ or ‘High’ median probabilities of
spread (i.e. greater than 0.3) included the movement of manure, used cardboard
egg trays, vaccination crews and the movement of fomites associated with the
transportation of live poultry. These scenarios were associated with a high degree
of contact with potentially infectious poultry (i.e. vaccination crews and fomites
associated with the transportation of live birds) or potentially infectious material
(the movement of manure and egg trays). These results justify the inclusion of
these pathways in AISPREAD. However, when participants’ probability
distributions were combined, they displayed wide ranges (shown Figure 6-1),
which are due to the broad probability ranges given by individual participants (i.e.
from each participant’s estimate of the natural variation of the probability) and
differences between participant’s judgements (i.e. from disagreement between
participants). The medians of these probability distributions have been used as
parameters for AISPREAD and the ranges have been used to investigate how
variations in spread probabilities may affect the simulated spread of HPAI in
AISPREAD (see Section 8.6).

The ranges of the numbers of vehicles or teams operated by feed mills and waste
disposal companies were also broad. In both cases, single high maximum point
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estimates contributing to the positively skewed distribution were obtained from
the same participant, who listed that he or she was ‘Fairly certain’ that these
estimates were correct.

All participants considered that parent breeder (PB), grandparent/greatgrandparent breeder (GP/GGP), turkey grower and broiler farms operated by
commercial integrators and independent turkey and combined chicken layer/pullet
farms would have an equal or lower probability of HPAI virus being released on
fomites compared with independent chicken egg layer farms. Also, all participants
considered that PB, GP/GGP and chicken meat broiler farms operated by
commercial integrators would have an equal or lower probability of poultry
becoming infected after contact with fomites compared with independent chicken
egg layer farms. These results are consistent with anecdotal reports indicating that
integrated PB and GP/GGP farms operate under high levels of biosecurity (Scott
et al. 2005). Although results presented in Tables 6-6 and 6-7 show several
instances where the median relative likelihood was one, the discussion in the face
to face workshop indicated that the participants understood the questions posed.

The group identified the movement of used cardboard egg trays in the chicken egg
layer industry as a biosecurity risk for chicken egg layer farms, but they were not
particularly certain regarding the prevalence of this practice amongst the industry.
Despite the group’s uncertainty, the median group estimate (20%) was
comparable to results of the 2007 survey of the chicken egg layer industry, in
which 25% of responding chicken egg layer farms were found to re-use cardboard
egg trays (DAFF, unpublished data). Minimising replacement costs may be a
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factor motivating this practice. Because the group thought the movement of used
cardboard egg trays between farms posed a moderate risk of transmitting HPAI it
would be interesting to know how producers perceive this risk compared with
other operational risks (such as fluctuating egg prices and uncertainties regarding
the implementation of cage size regulations, amongst others).

Collectively, the group rated the movement of broiler pickup crews as the highest
risk of transmitting HPAI between farms. As mentioned in Sections 5.3.3.3.3,
partial depletion (or thinning) of broiler farms is practiced in Australia because it
increases the output of broiler farms, whilst maintaining bird densities at
appropriate levels. Because pick-up crews move between sites and do not fully
depopulate farms at each visit, they have also been recognised as mechanical
vectors for other poultry diseases, particularly Campylobacter spp. (see Adkin et
al. 2006 for a systematic review).

It is unlikely that the transmission of infectious diseases by pickup crews can be
fully eliminated through biosecurity measures. However, scheduling the
movements of pickup crews so that they move from younger to older farms may
have some effect on the transmission of infection, and has been recommended in
national biosecurity guidelines (DAFF, 2009). Although decontaminating
vehicles, clothing, crates and other equipment may reduce the level of
contamination of pickup crews, a recent intervention study of these practices on
Campylobacter transmission indicates that these practices may not be sufficient to
reduce the transmission of infection between farms (Ridley et al. 2011). However,
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it is not known whether such measures would be sufficient to reduce the
transmission of HPAI.

The expert elicitation method was a valuable way to elucidate information on
risks of AI transmission associated with service providers. In hindsight, this study
could have been improved in a number of ways. Discussion in the workshop
indicated that the terms ‘best case’ and ‘worst case’ used in Section (ii) of the
questionnaire to refer to the minimum and maximum probabilities were unclear
for some participants; however, these ambiguities were clarified in the group
discussion. This wording issue may have been identified if the questionnaire had
been piloted. Even though there is little quantitative data published regarding the
importance of different indirect contacts in the spread of HPAI, circulation of
qualitative information about the potential importance of different transmission
pathways prior to the questionnaires and information on virus survival under
different conditions might have assisted participants. The inclusion of other
poultry industry professionals such as vaccination crew managers and processing
plant managers in the study might have provided further insight. If possible, future
studies eliciting expert opinion should consider incorporating ‘seed questions’
(i.e. questions with known answers) into the survey to provide an objective
measure of the accuracy of the participant’s judgements, rather than relying solely
upon subjective self assessment to weight participants level of expertise (as
suggested by van der Fels-Klerx et al. 2002).

In summary, these results indicate that indirect contacts between poultry farms
and differences in the biosecurity practiced on poultry farms are likely to be
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important in the spread of HPAI between poultry farms. This justifies the
inclusion of specific spread pathways and multiple poultry farm types in
AISPREAD. The re-use of cardboard egg trays was regarded as a biosecurity risk
for the chicken egg layer industry. Although this is likely to be motivated by
reducing operational costs, it is suggested that further studies be undertaken to
understand how chicken egg producers perceive risks of infectious disease to their
operations.
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Chapter 7. Design and results of a simulation model
to investigate the spread of HPAI within poultry
farms

7.1

Introduction

The design of AISPREAD assumes that the impacts of epidemics of highly
pathogenic avian influenza (HPAI) in Australia can be captured by representing
the transmission of infection between individual farms (Chapter 5). However, the
source of infection onto farms is rarely definitively proven, and data on the time
to reporting of infection and on duration of epidemics at farm level, provided by
observational studies of HPAI epidemics in Australia or overseas, is limited. This
makes parameter estimation for AISPREAD difficult and also leads to
uncertainties regarding the appropriateness of policy guidelines for the reporting
of suspected HPAI epidemics on farms. For instance, even though Animal Health
Australia

have

developed

guidelines

that

recommend

that

laboratory

investigations to rule out HPAI should be conducted after the death of over 1% of
poultry in a shed in a day (Animal Health Australia 2007b), it is not known how
long HPAI might have been circulating on different farm types before this
threshold is reached. Characterisation of the farm-level reporting period would
give important information for policy makers in the case of an epidemic, so that
the timing of the introduction of infection could be estimated by back calculation
using routine mortality records.

Even though vaccination is known to reduce the susceptibility of individual birds
to infection, it is not known how effective one or two doses of vaccine might be to
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reduce the susceptibility of different types of poultry farms. Vaccination also
protects poultry from clinical signs but does not induce sterile immunity, meaning
that vaccinated birds remain susceptible to infection and on exposure may become
infected and infectious. This has led to concerns that HPAI could circulate
undetected in vaccinated poultry, and that vaccinated farms could be reservoirs of
infection (discussed in Swayne 2006). Sentinel surveillance methods have been
developed to detect active HPAI infection in vaccinated flocks. These methods
involve the identification and placement of unvaccinated sentinel poultry in sheds
and monitoring these birds for clinical signs of infection (i.e. death) (Ellis et al.
2004b; European Commission 2006). In such programs, dead sentinel birds are
submitted for laboratory testing to confirm HPAI (European Commission 2006).
Although these methods are well described, there are no field data available to
estimate the sensitivity and timeliness of sentinel surveillance methods to detect
incursions of HPAI. Furthermore, if infection is not detected by sentinel
surveillance on a vaccinated farm, it is important to estimate the duration of the
on-farm epidemic and to estimate the infectiousness of farms using the cumulative
incidence of infection as a surrogate for the farm-level hazard of infection.
To investigate these issues, a farm-level model was developed to simulate the
transmission of HPAI between individual birds, housed in separate sheds. It can
be described as a ‘within-farm model’ because it concentrates on the transmission
of HPAI at the farm level between birds. This is distinct from models like
AISPREAD (described in Chapter 5) which focus on the potential transmission of
infection between farms (so-called between-farm models). The design and
parameterisation of this model are described in this chapter. Results of several
simulation studies are presented to investigate:
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o reporting times and the duration of epidemics of HPAI in unvaccinated
chicken, turkey and duck farms;
o the relative susceptibility of vaccinated chicken, turkey and duck farms
after vaccination with one and two doses of vaccine (assumed to be the
proportion of incursions where no birds become infected);
o the sensitivity and timeliness of sentinel surveillance methods to detect
HPAI in vaccinated chicken, turkey and duck farms, after vaccination with
one or two doses of vaccine; and
o the duration of epidemics of HPAI chicken, turkey and duck farms after
poultry are vaccinated with one or two doses of vaccine, if infection is not
detected.

Results of sensitivity analysis studies are presented to investigate the effects of:
o varied farm capacities and structures on reporting and duration of
epidemics for unvaccinated chicken farms;
o the increased risk of exposure for birds in the same shed as an infectious
bird on reporting periods and duration of epidemics for unvaccinated
chicken farms;
o an increased number of birds initially exposed to infection on reporting
and duration of epidemics for unvaccinated chicken farms;
o increased case fatality rates on reporting times in unvaccinated duck
flocks; and
o varying the levels of flock immunity on reporting times and duration of
epidemics in vaccinated chicken and duck farms.
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7.2

Design and parameterisation of the within-farm model

7.2.1 Model description
A stochastic simulation model was developed to investigate the spread of HPAI
between individual birds in daily time steps, using MapBasic 9.5 (Pitney Bowes
MapInfo, Troy, NY, USA). MapBasic was chosen because it was originally
planned to ‘nest’ this farm-level model within AISPREAD to capture the
transmission of infection within infected farms but unfortunately extended
runtimes meant that this would be impractical. In this model, the population on a
farm can be divided into sub-populations to represent the separation of birds into a
number of sheds. This allows summary statistics to be calculated on a shed level
and forms a basis for studying the potential effects of on-farm biosecurity in
sensitivity analysis studies. Source code for this model is presented in Appendix
5.

7.2.1.1

Infection states and transitions

This model represents the infection status of individual birds by five mutually
exclusive disease states: Susceptible; Latent (i.e. infected but not yet infectious);
Infectious; Immune; or Dead. During each time step, individuals may remain in
their present states or move to other states (transition), if certain trigger events
occur (Figure 7-1). For instance, Susceptible birds become Latent after contact
with an Infectious bird. Latent birds become Infectious at the end of their latent
period; however, this Latent stage can be bypassed if the latent period is set to
zero. Infectious may transition to Dead or, at end of their infectious periods, to
Immune, depending on the case fatality rate. Birds that become Immune are
assumed to have lifelong immunity to infection, which is not considered
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controversial because of the short duration of HPAI epidemics on farms. Whether
a bird dies or not is determined probabilistically using Monte Carlo methods.
Susceptible birds can also transition directly to Immune after contact with
Infectious birds, based on assumptions about the level of resistance of individual
birds to HPAI. Parameters affecting these transitions are estimated for each bird
from predetermined probability distributions. This model can be modified to
simulate the spread of infection in different species by changing parameter
estimates, as appropriate.

Infection after
exposure

Susceptible

End of latent
period

Latent

Dead

Infectious

End of infectious
period

Immune

Immunity after
exposure

Figure 7-1 States and transitions represented in the farm level model.

7.2.1.2

Vaccination sub-states

When individual birds are vaccinated, they may develop protective immunity.
Vaccination is incorporated into the model by allowing living birds (i.e. those in
the Susceptible, Latent, Infectious or Immune states) to exist in one of two
different vaccination sub-states:
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o Vaccinated, representing birds that would develop positive haemagglutinin
inhibition (HI) titres after vaccination (i.e. titres of at least 1:8 to 1:16
(OIE 2009a; Bublot et al. 2007)); or
o Not Vaccinated, representing birds that either have not been vaccinated or
have not developed positive HI titres after vaccination.

For vaccinated flocks, at the start of each iteration of the model, individual birds
are probabilistically allocated to one of these vaccination states if a pseudorandom number is less than a parameter representing the probability that an
individual will develop a positive serological titre after vaccination (pv). It is
assumed that each individual’s level of immunity after vaccination does not vary
with time, that the flock has no maternally derived immunity to HPAI, and there
are no other factors such as concurrent disease which may alter the course of
infection in individual birds. Input parameters, such as the case fatality rate and
the distributions of latent and infectious periods, are varied according to the
vaccination status of each bird. The vaccination sub-states of Infectious and
Susceptible birds also affect the transmission of infection (see Section 7.2.2).

7.2.2 Representing the transmission of infection
Simulated epidemics are started by ‘exposing’ a number of birds in one shed to
infection. All Not Vaccinated birds that are initially exposed become infected, but
a proportion of vaccinated birds may either become infected or resist infection and
transition directly to Immune, according to a parameter representing the relative
likelihood of infection in vaccinated birds after challenge compared with
unvaccinated birds (ps). This relative likelihood of infection was determined by
calculating the relative risk of vaccinated birds shedding virus compared with
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unvaccinated controls in challenge trials. In most of the studies presented in this
chapter, a low number of birds (between 1 and 20 birds, selected from a uniform
distribution for each model run) were initially exposed, as would be expected if a
small amount of contaminated material was introduced into a flock on a fomite.
The implications of this assumption that only a small number of birds are initially
exposed were tested in a sensitivity analysis study where 100 birds were initially
exposed (Section 7.2.6.1).

In simulations involving unvaccinated flocks, for each daily time step, the
transmission of HPAI is simulated by identifying Infectious birds in the
population. A stochastic estimate of the transmission coefficient (

) is

determined for each Infectious bird in the population. This represents the number
of birds that would become infected each day, if the at risk population consisted
entirely of unvaccinated susceptible birds. The model then randomly selects this
number of birds from the population of living birds. If the selected bird is
Susceptible then it becomes Latent. If the selected bird is not Susceptible then its
infection status remains unchanged. Thus, the number of new cases on a particular
day (ΔCt) for an unvaccinated farm is:

(Equation 1)

where: It-1 is the number of Infectious birds the previous day, St-1 is the number of
Susceptible birds the previous day, Dt-1 is the number of Dead birds the previous
day, N is the total number of living and dead birds in the population and
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stochastic estimate of the transmission coefficient. This parameter (

) is sampled

from the probability distribution representing the transmission coefficient.

This equation is a stochastic modification of the frequency dependent
transmission function discussed in Section 3.5.6, and reduces to frequency
dependent transmission function expected values (averages) are considered. A
short proof of this follows.

Equation 1 can be expanded as follows:

(Equation 2)

As we’re interested in the expected (mean) number of new cases in the time
period (

) we can substitute the sum of the series

with the

product of the mean transmission coefficient ( ) and the number of Infectious
individuals in the previous time period (
second parentheses in Equation 2

). So, in the expected case the series in
can be reduced to

.

Therefore in the expected number of new cases each day reduces to frequency
dependent transmission function:

(Equation 3)

Initially it was assumed that all birds on the farm are equally likely to contact
another bird on the farm, regardless of the shed they are in. However, because
sheds may limit the contact between birds, sensitivity analysis was conducted to
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investigate whether increasing the proportion of contacts an Infectious bird makes
with other birds in the same shed affected the reporting periods and the duration
of epidemics (see Section 7.2.6).

For vaccinated farms, birds contacted by Infectious individuals are selected from
the population using the method described above. However, if a contact occurs
between an Infectious and a Susceptible bird, the probability that the bird becomes
infected is scaled according to the vaccination status of both birds in each pair.
This is referred to here as the ‘relative transmission probability’ and represents the
probability that transmission will occur between a particular pair of birds
compared with that for a pair of Not Vaccinated birds, should a contact occur.
Thus four relative transmission probabilities are required to simulate transmission
between:
o Vaccinated Infectious and Vaccinated Susceptible birds;
o Vaccinated Infectious and Not Vaccinated Susceptible birds;
o Not Vaccinated Infectious and Vaccinated Susceptible birds; and
o Not Vaccinated Infectious and Not Vaccinated Susceptible birds.

These parameters have been estimated from transmission studies (see Section
7.2.4). In this model, Vaccinated Susceptible birds that do not become infected
after contact with an Infectious bird are assumed to develop an anamnestic
antibody response and become Immune. This corresponds to results from
challenge studies of vaccinated birds where in a proportion of subjects there is
often no evidence of viral replication (e.g. van der Goot et al. 2008; Bouma et al.
2009).
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7.2.3 Simulating sentinel surveillance in vaccinated farms
Sentinel surveillance is simulated by placing sentinel chickens randomly within
sheds on vaccinated farms. In the studies presented here, the proportion of
sentinels is set to 1% of the total capacity of each shed. This is consistent with
policies described in a European Commission discussion paper (European
Commission 2006). It is assumed that sentinel chickens would be placed in
vaccinated duck flocks, so that infection would be readily detected from clinical
signs in sentinel birds. This is because HPAI may cause sub-clinical infection in
unvaccinated ducks, and inapparent infection of sentinels would be expected to
reduce the sensitivity of this method to detect epidemics (European Commission
2006). It is assumed that all epidemics are detected by farm workers and reported
to authorities after the first sentinel bird dies.

7.2.4 Parameter estimates
Parameter estimates can be changed to account for differences in the transmission
and clinical expression of HPAI in different species of poultry. For consistency,
parameters used in this study have been estimated from field and experimental
studies of Asian-lineage H5N1 HPAI. This is because several parameters, such as
transmission rates and case fatality rates, are known to vary for different strains of
HPAI (see Section 2.4), and Asian-lineage H5N1 HPAI is the most extensively
studied group of HPAI viruses. There is a lack of published information regarding
the transmission of Asian-lineage H5N1 HPAI in turkeys and it is assumed that
transmission rates, case fatality rates, and latent and infectious periods in this
species are similar to those for chickens. Specific parameter estimates used in this
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model for simulations involving chicken and turkey farms are presented in Table
7-1. Parameter estimates for ducks are presented in Table 7-2.

Table 7-1 Parameter estimates for chickens and turkeys
model
Description
Vaccination
Parameter value(s)
status
Latent
period
Not Vaccinated
Uniform (0,1)
(days)
Infectious period
Not Vaccinated
(days)
Transmission
coefficient (birds Not Vaccinated
per day)

Case fatality rate

BetaPert (1,1.5,2)
Normal (1.43,0.1275)
a

Not Vaccinated

1

Latent
period
Vaccinated
(days)
Infectious period
Vaccinated
(days)
Case fatality rate
a

Uniform (1,2)
BetaPert (1,1,4)

Vaccinated

0

assuming infectious period is two days.
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in the farm level
Reference
Bouma et al.
(2009)
Shortridge et al.
(1998); Bouma et
al. (2009).
Tiensin et al.
(2007)
Bublot et al.
(2007); Lee et al.
(2007); Terregino
et al. (2007);
Bouma et al.
(2009); Poetri et
al. (2009).
Bouma et al.
(2009)
Bouma et al.
(2009)
Bublot et al.
(2007); Bouma et
al. (2009); Poetri
et al. (2009).
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Table 7-2 Parameter estimates for ducks in the farm level model.
Description
Vaccination
Parameter value(s)
Reference
status
Latent
period
van der Goot et
Not Vaccinated
1
(days)
al. (2008)
Infectious period
van der Goot et
Not Vaccinated
Uniform (4,5)
(days)
al. (2008)
Transmission
van der Goot et
coefficient (birds Not Vaccinated
Poisson (4.7)
al. (2008)
per day)
van der Goot et
Case fatality rate Not Vaccinated
0.1
al. (2008)
Latent
period
van der Goot et
Vaccinated
1
(days)
al. (2008)
Fitted to results
Infectious period
BetaPert
Vaccinated
of van der Goot
(days)
(1.40,3.22,5.52)
et al. (2008)
van der Goot et
Case fatality rate Vaccinated
0
al. (2008)

Initially pv is set to 0.8, because a pilot study of field vaccination in Viet Nam
revealed that 83% of chickens and 86% of ducks had protective antibody titres
after a single round of vaccination (FAO 2006), and an average of 80.5% of
chickens had protective antibody titres after two rounds of vaccination in Hong
Kong (Ellis et al. 2004b). This parameter is varied to 0.7 and 0.9 in sensitivity
analysis studies (see Section 7.2.6.1). The relative likelihood of infection in
vaccinated birds and unvaccinated birds after experimental challenge was used as
an estimate of the susceptibility parameter, ps (Tables 7-3 to 7-6). Relative
transmission probabilities have been estimated from a series of transmission
studies in chickens and ducks, using one or two dose regimes of commercial
inactivated H5 avian influenza vaccines. In each of these studies, at least nine
subjects were inoculated with high doses of Asian-lineage H5N1 HPAI viruses
(105 to 106 median embryo infectious doses) two to three weeks after their last
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dose of vaccine (Bublot et al. 2007; van der Goot et al. 2008; Bouma et al. 2009)
(Tables 7-3 to 7-6).

It would be ideal to have estimated these parameters from studies comparing
transmission rates between unvaccinated birds with those for the other three
possible combinations of infectious and susceptible pairs of birds listed in Section
7.2.2. However, many parameters used in this study could not be estimated in this
way because most transmission studies were not conducted using a full factorial
design, and did not estimate transmission rates between pairs of birds with
differing vaccination status (i.e. between unvaccinated challenged birds and
vaccinated contact birds and vaccinated challenged birds and unvaccinated
contact birds). In these instances, it is assumed that that the relative transmission
probability between a Vaccinated Infectious bird and a Not Vaccinated
Susceptible bird is one, and that the relative transmission probability between a
Not Vaccinated Infectious bird and a Vaccinated Susceptible bird is equal to ps,
that is, the relative likelihood of infection in vaccinated birds and unvaccinated
birds estimated from challenge studies (Tables 7-3 to 7-6).

Bublot et al. (2007) used a factorial approach to investigate the effectiveness of a
single dose of vaccine, but their study presented insufficient data on the timing of
infection or clinical signs in individual birds to calculate transmission rates. In this
case, relative risks of transmission between groups were used to substitute for
relative transmission probabilities. Although this is not ideal, these estimates can
be seen as conservative because they err towards overestimating the transmission
of infection in vaccinated farms, because it has been shown mathematically that
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the relative risk of infection always exceeds the relative transmission probabilities
(Halloran et al. 1991).

Table 7-3 Relative transmission probabilities for chickens using a single dose
vaccination regime (Bublot et al. 2007).a
Vaccination status of Susceptible bird
Not Vaccinated
Vaccinated
Vaccination
Not Vaccinated
1
0.95 b
status
of
Vaccinated
0.5 b
0b
Infectious bird
a
The transmission study was conducted using a single dose of inactivated vaccine
developed from A/chicken/Italy/22A H5N9 LPAI. Challenged birds were
inoculated
with
106
median
embryo
infectious
doses
of
A/chicken/Supranburi/2/04 H5N1 HPAI. Studies involving vaccinated birds were
conducted three weeks after vaccination.
b
Parameters calculated using the relative risk of infection in contact birds,
compared with unvaccinated birds in contact with unvaccinated birds challenged
with virus.

Table 7-4 Relative transmission probabilities for chickens using a two dose
vaccination regime (Bouma et al. 2009).a
Vaccination status of Susceptible bird
Not Vaccinated
Vaccinated
Vaccination
Not Vaccinated
1
0b
status
of
Vaccinated
1c
0d
Infectious bird
a
The transmission study was conducted using two doses of inactivated vaccine 14
days apart. The vaccine was developed from A/chicken/Mexico/232/94/CPA
H5N2 LPAI. Challenged birds were inoculated with 105 to 106 median embryo
infectious doses of A/chicken/Legok/2003 H5N1 HPAI. Studies involving
vaccinated birds were conducted three weeks after the second vaccination.
b
No vaccinated birds became infected after challenge, and it is assumed that this
parameter is zero.
c
Assumption
d
No infection was observed in vaccinated contact birds.
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Table 7-5 Relative transmission probabilities for ducks using a single dose
vaccination regime (van der Goot et al. 2008).a
Vaccination status of Susceptible bird
Not Vaccinated
Vaccinated
Vaccination
Not Vaccinated
1
0.9 b
status
of
Vaccinated
1c
0.05 d
Infectious bird
a
The transmission study was conducted using a single dose of inactivated vaccine
developed from A/chicken/Mexico/232/94/CPA H5N2 LPAI. Challenged birds
were inoculated with 105.3 to 105.8 median embryo infectious doses of
A/chicken/China/1204/04 H5N1 HPAI. Studies involving vaccinated birds were
conducted two weeks after vaccination.
b
9 of 10 vaccinated birds and 10 of 10 unvaccinated birds became infected postchallenge.
c
Assumption
d
Relative transmission rates.

Table 7-6 Relative transmission probabilities for ducks using a two dose
vaccination regime (van der Goot et al. 2008).a
Vaccination status of Susceptible bird
Not Vaccinated
Vaccinated
Vaccination
Not Vaccinated
1
0.33 b
status
of
Vaccinated
1c
0.0085 d
Infectious bird
a
The transmission study was conducted using two doses of inactivated vaccine
developed from A/chicken/Mexico/232/94/CPA H5N2 LPAI. Challenged birds
were inoculated with 105.3 to 105.8 median embryo infectious doses of
A/chicken/China/1204/04 H5N1 HPAI. Studies involving vaccinated birds were
conducted two weeks after the second vaccination.
b
3 of 9 vaccinated birds and 10 of 10 unvaccinated birds became infected postchallenge.
c
Assumption
d
Derived from relative transmission rates.

7.2.5 Scenarios and model outputs
Scenarios were developed to investigate the potential transmission of HPAI within
typically structured farms in the chicken meat, chicken egg layer, duck and turkey
industries, which were assumed to be farms with the median capacity and median
number of sheds in the poultry farm surveys described in Chapter 4. Expert
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opinion was used to estimate the median capacity of turkey and duck farms
because a categorical response was obtained from these industries about farm
capacities in the 2005 survey. Scenarios were designed to investigate the
transmission of HPAI in unvaccinated farms (IF01 to IF04, described in Table 77), and in farms after birds had been vaccinated with one or two doses of vaccine
(IF05 to IF12, described in Table 7-8). One hundred runs of the model were
conducted for each scenario, consistent with the sample size used for other withinfarm simulation models (Bouma et al. 2009). For each iteration, several outputs
were recorded, including:
o the duration of the epidemic (i.e. the time when there were no further
Latent and Infectious individuals);
o whether infection was detected by passive surveillance (i.e. whether daily
mortality exceeded 1%, or one or more sentinel birds died);
o the reporting period (i.e. the number of days until infection was detected);
and
o the cumulative incidence of infection after an epidemic ceased.
In these scenarios, if infection was detected it was assumed that no interventions
were put in place and the epidemic was left to run its natural course, so as to
estimate the duration of epidemics in the absence of intervention.

Table 7-7 Description of scenarios involving unvaccinated farms.
Farm
Farm
Number
Scenario Farm description
pv
vaccinated
capacity
sheds
Typical
chicken
IF01
No
n/a
96,000
4
meat farm
Typical
chicken
IF02
No
n/a
21,000
3
layer farm
IF03
Typical duck farm
No
n/a
39,999 a
3
IF04
Typical turkey farm
No
n/a
30,000 a
3
a
G. Arzey, pers. comm., October 2007
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Table 7-8 Description of scenarios involving vaccinated farms.
Farm
Farm
Scenario Farm description
pv
vaccinated
capacity
Typical
chicken
IF05
Once
0.8
96,000
meat farm
Typical
chicken
IF06
Twice
0.8
96,000
meat farm
Typical
chicken
IF07
Once
0.8
21,000
layer farm
Typical
chicken
IF08
Twice
0.8
21,000
layer farm
IF09
Typical duck farm
Once
0.8
39,999
IF10
Typical duck farm
Twice
0.8
39,999
IF11
Typical turkey farm
Once
0.8
30,000
IF12
Typical turkey farm
Twice
0.8
30,000

Number
sheds

of

4
4
3
3
3
3
3
3

The proportion of simulations where HPAI did not establish (i.e. no birds became
infected after exposure) was compared between vaccinated farms and the
corresponding scenarios involving unvaccinated farms, to investigate the
susceptibility of different farm types to infection. For scenarios involving
vaccination, the sensitivity of sentinel surveillance was calculated by dividing the
number of simulations where a sentinel bird died, divided by the number of
simulated epidemics that became established (i.e. where at least one bird became
infected).

7.2.6 Sensitivity analysis
Sensitivity analysis studies were conducted to investigate the impacts of different
farm structures on the detection of HPAI and duration of epidemics in
unvaccinated farms (Table 7-9). Scenarios were developed for farms representing
the 95% smallest farm in the chicken egg layer industry (Scenario IF13) and the
95% largest farm in the chicken meat industry (Scenario IF14). A scenario
(Scenario IF15) was designed to compare reporting (incubation) periods and the
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duration of epidemics on a typical farm in the chicken egg layer industry
assuming that 90% of the contacts of Infectious birds were to birds in the same
shed, because of the possibility that biosecurity measures may reduce the
transmission of infection between birds housed in different sheds on a farm. The
implications of the assumption that between 1 and 20 birds would be exposed to
infection were tested in a scenario that assumed that 100 birds were initially
exposed on a typical chicken layer farm (Scenario IF16). Experimental studies
indicate that Asian-linage H5N1 HPAI may cause markedly increased mortalities
in younger ducks (in the order of 90 to 100%) (Pantin-Jackwood et al. 2007), and
a scenario (Scenario IF17) was developed to investigate the implications of
increasing the case fatality rate to 0.9 for a typically structured duck farm.

Table 7-9 Description of sensitivity analysis scenarios involving unvaccinated
farms.
Scenario
Farm
Number
Description
Description
capacity of sheds
Small chicken layer
Farm capacity reduced
IF13
1200
1
farm
by 94%
Large chicken meat
Farm capacity
IF14
281,493
9
farm
increased by 193%
90% transmission in to
Increased
birds in same shed for
IF15
transmission to birds 21,000
3
typical chicken layer
in same shed
farm
Initial number of
Initial number of birds
birds exposed to
IF16
21,000
3
exposed increased by 5
infection increased to
to 100 times
100
Typical duck farm,
Case fatality rate
IF17
case fatality rate 39,999
3
increased by nine times
increased to 0.9
to 0.9
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7.2.6.1

Vaccinated farms

Sensitivity analysis studies were conducted to investigate impacts on the
sensitivity of sentinel surveillance, reporting periods and duration of epidemics
for different levels of flock immunity. Scenarios were developed by varying pv to
0.7 and 0.9 for typical farms in the chicken layer and duck industries after one and
two doses of vaccine (Scenarios IF18 to IF25, described in Table 7-10).

Table 7-10 Description of sensitivity analysis scenarios involving vaccinated farms.
Scenario
Farm
Farm
Description
pv
Number of sheds
vaccinated
capacity
Typical chicken layer
IF18
Single
0.7
21,000
3
farm, reduced pv
Typical chicken layer
IF19
Single
0.9
21,000
3
farm, increased pv
Typical chicken layer
IF20
Double
0.7
21,000
3
farm, reduced pv
Typical chicken layer
IF21
Double
0.9
21,000
3
farm, increased pv
Typical duck farm,
IF22
Single
0.7
39,999
3
reduced pv
Typical duck farm,
IF23
Single
0.9
39,999
3
increased pv
Typical duck farm,
IF24
Double
0.7
39,999
3
reduced pv
Typical duck farm,
IF25
Double
0.9
39,999
3
increased pv
Typical chicken meat
IF26
Single
0.7
96,000
4
farm, reduced pv
Typical chicken meat
IF27
Single
0.9
96,000
4
farm, increased pv
Typical chicken meat
IF28
Double
0.7
96,000
4
farm, reduced pv
Typical chicken meat
IF29
Double
0.9
96,000
4
farm, increased pv
Typical turkey farm,
IF30
Single
0.7
30,000
3
reduced pv
Typical turkey farm,
IF31
Single
0.9
30,000
3
increased pv
Typical turkey farm,
IF32
Double
0.7
30,000
3
reduced pv
Typical turkey farm,
IF33
Double
0.9
30,000
3
increased pv
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7.3

Results

7.3.1 Unvaccinated farms
All simulated epidemics for scenarios investigating the transmission of HPAI in
unvaccinated birds in typically structured chicken meat, chicken egg layer and
duck farms were detected after 1% of birds in a shed had died. This means that
infection spread in these scenarios, and that the threshold of 1% mortality was
reached. For the scenario representing a typical turkey farm (IF04), infection was
detected in all iterations except one, where infection died out and did not spread
beyond the two birds that were initially infected. This was regarded as an
improbable result and was excluded from further analysis, because it was
inconsistent with the results of the other 899 simulated epidemics in unvaccinated
farms, where propagating epidemics occurred. Median reporting times were 9.5
days (mode 9 days, range 8 to 12 days), 7 days (mode 7 days, range 6 to 10 days),
11 days (mode 11 days, range 10 to 12 days) and 7 days (mode 7 days, range 7 to
11 days) for IF01, IF02, IF03 and IF04, respectively (Figure 7-2). Median
duration of epidemics for scenarios IF01 to IF04 were 30 days (mode 30 days,
range 28 to 33 days), 21 days (mode 21 days, range 19 to 25 days), 14 days (mode
14 days, range 14 to 16 days) and 22 days (mode 22 days, range 20 to 26 days),
respectively (Figure 7-3).
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Figure 7-2 Reporting periods for unvaccinated chicken meat, chicken egg
layer, duck and turkey farms (IF01 to IF04, respectively).

Figure 7-3 Duration of epidemics for unvaccinated chicken meat, chicken egg
layer, duck and turkey farms (IF01 to IF04, respectively).
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7.3.2 Vaccinated farms
In farms vaccinated once there were very few simulated incursions that resulted in
HPAI not establishing (0 to 2% for IF05, IF07, IF09 and IF11). The sensitivity of
sentinel surveillance to detect transmission in chicken (IF05 and IF07) and turkey
farms (IF11) vaccinated once ranged between 43 and 53%. The sensitivity of
sentinel surveillance was 100% in duck farms (IF09, Table 7-11). If infection was
detected, median reporting times for farms vaccinated once were 5 days (mode 4
days, range 3 to 28 days), 6 days (mode 6 days, range 3 to 20 days), 5 days (mode
5 days, range 3 to 7 days), and 6 days (mode 4 days, range 3 to 19 days), for
scenarios IF05, IF07, IF09 and IF11, respectively (Figure 7-4). HPAI did not
establish in 4 to 38% of simulated incursions into farms where poultry were
vaccinated twice (IF06, IF08, IF10 and IF12). The sensitivity of surveillance
ranged between 6 and 19% for chicken (IF06 and IF08) and turkey farms (IF12)
vaccinated twice. This low sensitivity was because high proportions of iterations
led to epidemics that died out before a sentinel became infected (47 to 69%, Table
7-11). In contrast, the sensitivity of sentinel surveillance was 95% in duck flocks
vaccinated twice (IF10). For epidemics that were detected by sentinel
surveillance, median reporting times were 4 days (mode 4 days, range 3 to 5
days), 4 days (mode 4 days, range 3 to 5 days), 5 days (mode 5 days, range 3 to 10
days), and 4 days (mode 4 days, range 3 to 11 days) for scenarios IF06, IF08, IF10
and IF12, respectively (Figure 7-4). For each scenario, the cumulative incidence
of infection at the end of the simulated epidemic was substantially higher for
epidemics that were detected than for those that died out before a sentinel had
died. For chicken and turkey farms, the median cumulative incidence after the
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epidemic died out was two to three times higher in farms that were detected
compared to that for epidemics that were not detected. Although a small
proportion of epidemics in duck farms vaccinated twice died out before detection
(infecting less than 0.07% of birds), the median cumulative incidence of infection
if the epidemic was detected was almost 100%, indicating that two doses of
vaccine when pv=0.8 was not sufficient to prevent extensive transmission in this
species (Table 7-11).

Table 7-11 Outcomes of incursions and sensitivity of sentinel surveillance for typical chicken
meat, chicken egg layer, duck and turkey farms vaccinated once or twice against HPAI.
Percent of incursions
No
Median
epidem Epidemic
Epidemic
Median
cumulative
ic
detected by dies out Sensitivity
cumulative
incidence if
occurre sentinel
before
of sentinel incidence if not detected
Scenario
d
surveillance
detection surveillance detected (range) (range)
IF05
(chicken
0.06% (0 to
0.19% (0.03
meat farm
0%
53%
47%
53%
0.39%)
to 0.88%)
vaccinated
once)
IF06
(chicken
0.02% (0 to
0.05% (0.02
meat farm
35%
4%
61%
6%
0.05%)
to 0.05%)
vaccinated
twice)
IF07
(chicken
0.18% (0.01 to
0.80% (0.15
layer farm
1%
47%
52%
47%
1.16%)
to 3.52%)
vaccinated
once)
IF08
(chicken
0.10% (0.01 to
0.17% (0.13
layer farm
25%
6%
69%
8%
0.22%)
to 0.29%)
vaccinated
twice)
IF09 (duck
99.98%
farm
2%
98%
0%
100%
n/a
(99.96 to
vaccinated
99.99%)
once)
IF10
(Typical
99.82%
0.03% (0.01 to
duck farm
4%
91%
5%
95%
(99.75 to
0.07%)
vaccinated
99.86%)
twice)
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Table 7-11 Outcomes of incursions and sensitivity of sentinel surveillance for typical chicken
meat, chicken egg layer, duck and turkey farms vaccinated once or twice against HPAI.
Percent of incursions
No
Median
epidem Epidemic
Epidemic
Median
cumulative
ic
detected by dies out Sensitivity
cumulative
incidence if
occurre sentinel
before
of sentinel incidence if not detected
Scenario
d
surveillance
detection surveillance detected (range) (range)
IF11
(Typical
turkey
0.19% (0.01 to
0.60% (0.11
0%
43%
57%
43%
farm
0.81%)
to 2.72%)
vaccinated
once)
IF12
(Typical
turkey
0.06% (0.01 to
0.12% (0.07
38%
12%
50%
19%
farm
0.19%)
to 0.19%)
vaccinated
twice)

Figure 7-4 Reporting periods if infection was detected by sentinel
surveillance of HPAI in typical chicken meat, chicken egg layer, duck and
turkey farms vaccinated once (IF05, IF07, IF09 and IF11, respectively) or
twice (IF06, IF08, IF10 and IF12, respectively).

Figure 7-5 illustrates the duration of epidemics on farms vaccinated once or twice
against HPAI that were not detected by sentinel surveillance. Where infection was
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not detected, median durations of epidemics for chicken meat, chicken egg layer
and turkey farms vaccinated once were 9 days (mode 8 days, 2 to 28 days), 8 days
(mode 3 days, 2 to 21 days) and 10 days (mode 3 days, 2 to 26 days), respectively.
These epidemics died out as indicated by the maximum cumulative incidences of
infection in these Scenarios, which ranged from 0.05% to 3.52% (Table 7-11). No
duck farms where birds were vaccinated once went undetected and therefore there
are no results for comparison. In farms where poultry were vaccinated twice and
infection was not reported, the median duration of epidemics for typical chicken
meat, chicken egg layer, duck and turkey farms was lower than for corresponding
scenarios where poultry were vaccinated once: 2 days (mode 2 days, 2 to 9 days),
2 days (mode 2 days, 2 to 9 days), 2 days (mode 2 days, 2 to 2 days) and 2 days
(mode 2 days, 2 to 8 days) for IF06, IF08, IF10 and IF12, respectively.

Figure 7-5 Duration of epidemics in vaccinated chicken meat, chicken egg
layer, duck and turkey farms, if infection was not detected by sentinel
surveillance.
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7.3.3 Sensitivity analysis

7.3.3.1

Unvaccinated farms

Sensitivity analysis studies showed that the median time until infection was
reported was positively correlated with a farm’s capacity. Reporting times for
small chicken layer farms and large chicken meat farms were 4 days (mode 4,
range 3 to 6 days) and 13 days (mode 13, range 12 to 16 days), respectively
(Figure 7-6). The median durations of epidemics were positively correlated with
farm capacity and were 15.5 days (mode 15, range 13 to 21 days) and 42 days
(mode 40, range 37 to 47 days), respectively, for simulations involving small
chicken layer farms (IF13) and large chicken meat farms (IF14, Figure 7-7).

Figure 7-6 Reporting periods of a small chicken layer farm (IF13), a typical
chicken layer farm (IF02), a typical chicken meat farm (IF01) and a large
chicken meat farm (IF14).
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Figure 7-7 Duration of epidemics in small chicken layer farm (IF13), a
typical chicken layer farm (IF02), a typical chicken meat farm (IF01) and a
large chicken meat farm (IF14).

The range and median of reporting periods for unvaccinated chicken layer farms,
where the risk of transmission was increased for birds in the same shed, was
similar to the scenario IF02 (Figure 7-8). Median reporting periods were
decreased by two days (from 7 to 5 days) when an increased number of birds were
initially exposed to infection at the start of an epidemic (Figure 7-8). The median
durations of epidemics were mildly decreased for scenarios where transmission
was increased to birds within the same shed and where the number of birds
initially exposed to infection was increased, and were 20 days (mode 20, range 18
to 25 days) and 18 days (mode 18, range 17 to 23 days), respectively (Figure 7-9).
Increasing the case fatality rate for duck flocks marginally reduced the median
reporting period in duck farms by just two days (Figure 7-10). There was no
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difference in the median or range of the duration of simulated epidemics in duck
farms when this parameter was increased (results not shown).

Figure 7-8 Reporting periods of a typical unvaccinated chicken layer farm
using base parameters (IF02), assuming increased transmission to in-contact
birds in the same shed (IF15), and assuming 100 birds are initially infected
(IF16).
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Figure 7-9 Duration of epidemics in a typical unvaccinated chicken layer
farm using base parameters (IF02), assuming increased transmission to incontact birds in the same shed (IF15), and assuming 100 birds are initially
infected (IF16).

Figure 7-10 Reporting periods for typical duck flocks for the base case (IF03)
and assuming increased case fatality rate (IF17).
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7.3.3.2

Vaccinated farms

Chicken meat, chicken egg layer, turkey and duck farms vaccinated once had very
low proportions of incursions that did not eventuate in an epidemic (between 0
and 2%), regardless of the value assumed for pv. The proportion of iterations
where no epidemic occurred for chicken meat, chicken egg layer and turkey farms
vaccinated twice was correlated with the pv parameter, with up to 59% of
iterations not resulting in an epidemic when pv=0.9. A similar positive correlation
between pv and the proportion of incursions resulting in infection was noted in
results for duck farms that were vaccinated twice. In this case epidemics occurred
in a high proportion of iterations even when pv=0.9. The sensitivity of sentinel
surveillance decreased as the value of pv increased. However, the sensitivity of
sentinel surveillance was much higher for vaccinated duck farms (91 to 100%)
compared with scenarios for vaccinated chicken meat, chicken egg layer and
turkey farms (5 to 86%, Table 7-12).

For iterations involving typical chicken layer farms vaccinated once, where
infection was detected by sentinel surveillance, median reporting periods
decreased from 8.5 to 5 days as pv increased and the maximum reporting period
decreased from 30 to 11 days (Figure 7-11). A similar trend was observed for
typical chicken meat and turkey farms vaccinated once, where median reporting
periods decreased from 7 to 5 days and from 11 to 4 days, respectively (Figures 712 and 7-13). Where pv was 0.7, maximum reporting times for turkey farms
vaccinated once were increased by over 100% compared with the corresponding
scenarios for chicken layer and chicken meat flocks. This is because of one
outlying observation where the reporting time was 65 days. Very small
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proportions of epidemics were detected by sentinel surveillance in scenarios
involving chicken layer farms vaccinated twice (ranging from 2 to 22% of
iterations); however, median reporting times were short, between 3 and 4 days.
Median reporting times for chicken meat and turkey farms vaccinated twice were
also short (between 3 and 5 days). Regardless of the assumed value of pv or
whether birds were vaccinated once or twice against HPAI, very few epidemics in
Scenarios IF24, IF25 and IF26 involving vaccinated duck farms died out before
detection. Where infection was detected by sentinel surveillance in duck farms,
for all scenarios the median reporting time was five days (Figure 7-14). Reporting
periods were particularly narrow for scenarios where chicken layer, chicken meat
and turkey farms were vaccinated twice and pv was assumed to be 0.9. This was
because very few epidemics (2 to 4%) were detected by sentinel surveillance,
consistent with the effectiveness of vaccination in making infection die-out in the
population (Table 7-12).

Where infection was not detected, median reporting times for chicken layer, meat
and turkey farms vaccinated once ranged between 4 and 9 days (Figures 7-15 to 718). Median reporting times were lower for scenarios where these farms were
vaccinated twice, ranging between 2 and 4 days. Very few epidemics were not
detected in vaccinated duck flocks, and all died out after two days.
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Table 7-12 Sensitivity analysis of outcomes of incursions and sensitivity of sentinel
surveillance for different farm types vaccinated once or twice against HPAI.
Percent of incursions
Epidemic
detected
by Epidemic dies Sensitivity
No epidemic sentinel
out
before of sentinel
Scenario Description
occurs
surveillance
detection
surveillance
Chicken layer
IF18
farm vaccinated
0%
76%
24%
76%
once, pv=0.7
Chicken layer
IF07
farm vaccinated
1%
47%
52%
47%
once, pv=0.8
Chicken layer
IF19
farm vaccinated
0%
30%
70%
30%
once, pv=0.9
Chicken layer
IF20
farm vaccinated
13%
22%
65%
25%
twice, pv=0.7
Chicken layer
IF08
farm vaccinated
25%
6%
69%
8%
twice, pv=0.8
Chicken layer
IF21
farm vaccinated
59%
2%
39%
5%
twice, pv=0.9
Duck
farm
IF22
vaccinated once,
0%
100%
0%
100%
pv=0.7
Duck
farm
IF09
vaccinated once,
2%
98%
0%
100%
pv=0.8
Duck
farm
IF23
vaccinated once,
0%
95%
5%
95%
pv=0.9
Typical
duck
IF24
farm vaccinated
2%
96%
2%
98%
twice, pv=0.7
Typical
duck
IF10
farm vaccinated
4%
91%
5%
95%
twice, pv=0.8
Typical
duck
IF25
farm vaccinated
7%
85%
8%
91%
twice, pv=0.9
Typical chicken
meat
farm
IF26
0%
83%
17%
83%
vaccinated once,
pv=0.7
Typical chicken
IF05
0%
53%
47%
53%
meat
farm
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Table 7-12 Sensitivity analysis of outcomes of incursions and sensitivity of sentinel
surveillance for different farm types vaccinated once or twice against HPAI.
Percent of incursions
Epidemic
detected
by Epidemic dies Sensitivity
No epidemic sentinel
out
before of sentinel
Scenario Description
occurs
surveillance
detection
surveillance
vaccinated once,
pv=0.8
Typical chicken
meat
farm
IF27
0%
24%
76%
24%
vaccinated once,
pv=0.9
Typical chicken
meat
farm
IF28
17%
21%
62%
25%
vaccinated
twice, pv=0.7
Typical chicken
meat
farm
IF06
35%
4%
61%
6%
vaccinated
twice, pv=0.8
Typical chicken
meat
farm
IF29
50%
4%
46%
8%
vaccinated
twice, pv=0.9
Typical turkey
IF30
farm vaccinated
0%
86%
14%
86%
once, pv=0.7
Typical turkey
farm vaccinated
IF11
once, pv=0.8
0%
43%
57%
43%

IF31

IF32

IF12

IF33

Typical turkey
farm vaccinated
once, pv=0.9
Typical turkey
farm vaccinated
twice, pv=0.7
Typical turkey
farm vaccinated
twice, pv=0.8
Typical turkey
farm vaccinated
twice, pv=0.9

0%

22%

78%

22%

21%

19%

60%

24%

38%

12%

50%

19%

56%

3%

41%

7%
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Figure 7-11 Reporting periods for typical chicken layer farms, if HPAI was
detected by sentinel surveillance. Scenarios involved farms that were
vaccinated once assuming low (0.7, IF18), moderate (0.8, IF07) and high (0.9,
IF19) probabilities of individual birds responding adequately to vaccination,
and farms that were vaccinated twice assuming low (0.7, IF20), moderate
(0.8, IF08) and high (0.9, IF21) probabilities of individual birds responding
adequately to vaccination.
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Figure 7-12 Reporting periods for typical chicken meat farms, if HPAI was
detected by sentinel surveillance. Scenarios involved farms that were
vaccinated once assuming low (0.7, IF26), moderate (0.8, IF05) and high (0.9,
IF27) probabilities of individual birds responding adequately to vaccination,
and farms that were vaccinated twice assuming low (0.7, IF28), moderate
(0.8, IF06) and high (0.9, IF29) probabilities of individual birds responding
adequately to vaccination.
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Figure 7-13 Reporting periods for typical turkey farms, if HPAI was detected
by sentinel surveillance. Scenarios involved farms that were vaccinated once
assuming low (0.7, IF30), moderate (0.8, IF11) and high (0.9, IF31)
probabilities of individual birds responding adequately to vaccination, and
farms that were vaccinated twice assuming low (0.7, IF32), moderate (0.8,
IF12) and high (0.9, IF33) probabilities of individual birds responding
adequately to vaccination.
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Figure 7-14 Reporting periods for typical duck farms, if HPAI was detected
by sentinel surveillance. Scenarios involved farms that were vaccinated once
assuming low (0.7, IF22), moderate (0.8, IF09) and high (0.9, IF23)
probabilities of individual birds responding adequately to vaccination, and
farms that were vaccinated twice assuming low (0.7, IF24), moderate (0.8,
IF10) and high (0.9, IF25) probabilities of individual birds responding
adequately to vaccination.
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Figure 7-15 Duration of epidemics for typical chicken layer farms that did
not report infection. Scenarios involved farms that were vaccinated once
assuming low (0.7, IF18), moderate (0.8, IF07) and high (0.9, IF19)
probabilities of individual birds responding adequately to vaccination, and
farms that were vaccinated twice assuming low (0.7, IF20), moderate (0.8,
IF08) and high (0.9, IF21) probabilities of individual birds responding
adequately to vaccination.
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Figure 7-16 Duration of epidemics for typical chicken meat farms that did
not report infection. Scenarios involved farms that were vaccinated once
assuming low (0.7, IF26), moderate (0.8, IF05) and high (0.9, IF27)
probabilities of individual birds responding adequately to vaccination, and
farms that were vaccinated twice assuming low (0.7, IF28), moderate (0.8,
IF06) and high (0.9, IF29) probabilities of individual birds responding
adequately to vaccination.
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Figure 7-17 Duration of epidemics for typical turkey farms that did not
report infection. Scenarios involved farms that were vaccinated once
assuming low (0.7, IF30), moderate (0.8, IF11) and high (0.9, IF31)
probabilities of individual birds responding adequately to vaccination, and
farms that were vaccinated twice assuming low (0.7, IF32), moderate (0.8,
IF12) and high (0.9, IF33) probabilities of individual birds responding
adequately to vaccination.
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7.4

Discussion and conclusions

The primary aim of the studies presented in this chapter was to generate parameter
estimates for AISPREAD regarding the reporting and infectious periods of HPAI
in different types of farms, if unvaccinated or after one or two doses of vaccine.
These parameter estimates are listed in Appendix 3.

Several conclusions can be made regarding the potential transmission of HPAI in
Australian poultry farms. For instance, the guidelines recommended by Animal
Health Australia for the reporting of suspected HPAI would ensure the timely
reporting of infection, with reporting periods ranging between one to two weeks.
Simulated reporting periods presented in this chapter are similar to those derived
by Savill et al. (2008), Bouma et al. (2009) and Dorea et al. (2010). Savill et al.
(2008) assumed that reporting occurred after two consecutive days of mortality
over 0.5%. In these studies it was estimated that reporting periods would range
from 5 days, for farms of 1000 birds, to 25 days, for farms of 100,000 birds. In
modelling studies described by Bouma et al. (2009), it was estimated that similar
thresholds would be reached in flocks of 10,000 birds within 7 to 12 days,
depending upon assumptions about the transmission rate of infection. Dorea et al.
(2010) reported that a mortality threshold of 0.2% per day would be reached
around five days, but this result was sensitive to assumptions regarding the
secondary transmission of infection and may be increased to 13 days if secondary
transmission of HPAI was reduced to below 10 birds per infected bird per day.

However, these reporting periods were longer than a priori parameter estimates
made for the HPAI model of Truscott et al. (2007), where it was assumed that
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infection would be identified and reported at two days after introduction.
Similarly, Sharkey et al. (2007), in their HPAI model, assumed that on average,
chicken or turkey farms would report infection within two days post introduction.
Results presented in this chapter suggest that the parameter estimates in both
studies may be somewhat optimistic, at least for the Australian context. Reporting
periods for duck farms presented in this chapter (between 10 and 12 days) were
much lower than assumptions made in Sharkey’s study (mean 40 days with a
standard deviation of 20 days), which could lead to the overestimation of the
transmission of infection within and between farms in this industry.

In these studies, the size and structure of farms was shown to affect reporting and
infectious periods, indicating that different parameters should be used in
AISPREAD for farms in each industry to capture some of the potential
heterogeneity in the study population. The implications of varying the values of
this parameter on the secondary spread of HPAI between farms are examined in
sensitivity analysis studies of AISPREAD presented in Section 8.6.

Very few incursions in duck farms vaccinated once or twice, and in chicken or
turkey farms vaccinated once, did not lead to infection. However, between 25 and
38% of incursions into chicken or turkey farms that were vaccinated twice did not
result in HPAI becoming established. This indicates that two doses of vaccine
may provide sufficient reduction in farm level susceptibility to prevent a
proportion of epidemics in these farms. When flock immunity was assumed to be
around 80%, estimates of the sensitivity of sentinel surveillance for vaccinated
duck farms were relatively high (between 95 and 100%). Sentinel surveillance
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was less successful at detecting infection in vaccinated chicken and turkey farms,
with estimates of sensitivity between 43 and 53% for farms vaccinated once and
between 6 and 19% for farms vaccinated twice. Also, as flock immunity increased
the duration of reporting periods decreased. These results can be explained by
considering that the detection of an epidemic by sentinel surveillance relies upon
the sustained transmission of infection. Although these estimates of the sensitivity
of surveillance may seem low, they should be interpreted in the context of other
results. Assuming that no intervention was put in place after reporting, cumulative
incidences at the end of epidemics were low (less than 1%) in chicken and turkey
farms. This indicates that flock immunity levels around 80% may be adequate to
prevent propagating epidemics of Asian-lineage H5N1 HPAI. These results are in
line with those of a simulation model presented by Bouma et al. (2009), which
indicated that 60 to 80% flock immunity was adequate to prevent ongoing
transmission of HPAI. Given that 99 to 100% of birds in unvaccinated chicken or
turkey farms became infected during simulated epidemics (results not shown) and
chickens vaccinated once may shed in the order of 102.3 to 103 less virus than
unvaccinated chickens (Bublot et al. 2007), these results indicate that 80% flock
immunity may substantially reduce the combined viral output of infected farms. In
most cases, sentinel surveillance led to the early detection of HPAI within six
days of infection being introduced.

Neither one nor two doses of vaccine were sufficient to prevent propagating
epidemics on duck farms, and cumulative incidences of infection were over 99%.
Nevertheless, half of these epidemics were detected by sentinel surveillance
within six days after the introduction of HPAI. The vaccine used by van der Goot
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et al. (2008) to estimate relative transmission parameters for scenarios involving
vaccinated duck farms had a relatively low haemagglutinin antigen sequence
homology compared with Asian-lineage H5N1 HPAI challenge virus (84%). In
that study, ducks vaccinated with 1 or 2 doses of this vaccine had reduced
amounts of viral RNA detected in tracheal samples by RT-PCR testing. This
indicates that even though vaccination did not reduce viral transmission in the
simulations presented here, total virus production may be reduced in infected and
vaccinated duck farms. Using a vaccine with a higher sequence homology to the
challenge virus would be expected to reduce total virus production and
transmission further. This relationship is well described in other poultry species.
In chickens challenged with H5N2 HPAI virus isolated from the 1983/84
epidemic in the USA, vaccines with 92 and 98% sequence homology completely
reduced transmission between vaccinated birds (van der Goot et al. 2003). It is
likely that a similar relationship occurs in ducks, as a single dose of H5 vaccine
with 95% sequence homology has been shown to reduce viral shedding to
undetectable levels after challenge with Asian-linage H5N1 HPAI virus (Tian et
al. 2005).

One of the major objectives of using vaccination in an emergency response for
HPAI is to decrease the transmission of HPAI between farms. This study showed
a clear relationship between increasing levels of flock immunity and reduction in
the ability of sentinel surveillance to detect infection in sensitivity analysis
studies. These results are similar to those obtained from the HPAI simulation
model described by Savill et al. (2006), which also found that the time until
infection was reported by sentinel surveillance in poultry flocks and the duration
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of epidemics was correlated with flock immunity. Savill et al. (2006) made
conclusions about the combined infectiousness of farms by deriving an index
representing the total viral output and survival of virus during each simulated
epidemic, but such a statistic may be misleading because farm contamination with
HPAI virus is not necessarily linearly correlated with the hazard posed to other
poultry farms (Section 5.3.3.2). It is also difficult to make conclusions about the
implications of these results on the effectiveness of vaccination to reduce the
infectiousness of vaccinated and infected farms. Although these parameters have
been estimated a priori (Section 5.3.4.11), they were varied in sensitivity analysis
studies in AISPREAD to assess the effectiveness of various vaccination programs
to control transmission of HPAI between farms (Chapter 10).

Sentinel surveillance programs have several disadvantages: they are resource
intensive and require the regular monitoring of farms to ensure that all sentinel
birds are accounted for (Suarez 2005; Marangon et al. 2008). Such programs rely
upon farm workers to promptly report infection to authorities, even though there
may be economic disadvantages for reporting suspected infection. Assuming that
such difficulties could be overcome, implementing such a program is considered
prudent for the timely detection of epidemics of HPAI on vaccinated farms, and
should be considered in conjunction with programs to monitor levels of flock
immunity post-vaccination and active virological and (potentially) serological
surveillance of vaccinated farms.

Several uncertain assumptions were made in the design of this within-farm model,
and these were tested with sensitivity analysis. Varying farm capacities modified
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the reporting and infectious periods of unvaccinated farms, and increasing the risk
of transmission to Susceptible birds in the same shed did not substantially change
these outputs. Although there was a positive correlation between farms size and
the time until a 1% mortality threshold is reached in at least one shed, larger farms
may have an enhanced level of monitoring, due in part to a higher number of staff
and better production records, and may be less tolerant of larger numbers of
mortalities. This could lead to shorter reporting times on larger farms than
estimated here. As expected, increasing the number of birds initially exposed to
infection by 5 to 100 times led to a moderate reduction in the reporting and
infectious periods by 29% and 14%, respectively. A ninefold increase in the case
fatality rate parameter for duck farms resulted in a small reduction in the median
reporting period for these farms. Despite the limited number of uncertain
parameters tested in sensitivity analysis, it is recognised that the choice of local
sensitivity analysis methods (described further in Section 8.6), may not have
allowed this study to identify complex interactions between uncertain parameter
estimates.

One limitation of this study is that it assumes that birds mix randomly and
homogeneously on a farm, irrespective of whether they are housed in separate
sheds or cages. It is estimated that 84% of layer chickens in Australia are housed
in cages (Scott et al. 2005) and it is plausible that the transmission of HPAI might
be reduced in poultry housed under such conditions because the spatial
restrictions placed upon individual chickens might reduce the levels of direct
contact between birds in the population. However, several observational studies
have shown no difference in the transmission rates of HPAI in caged and freely
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mixing flocks (Tiensin et al. 2007; Bos et al. 2009). The reasons for this finding
are not known, but may include the potential for transmission by indirect contact
via contaminated feed, water, personnel or aerosol to birds in distant cages. The
assumption that Infectious birds have an equal chance of contacting any other bird
on the farm, regardless of whether they are in the same or different sheds, is
potentially controversial. However, no data were found that could be used to
estimate the transmission of HPAI between sheds. Sensitivity analysis indicated
that reducing the probability of birds in other sheds becoming exposed to HPAI
did not did not substantially change the model’s outputs.

Operational validation studies have not been conducted on results from this model
because of a lack of available data from Asian-lineage H5N1 HPAI epidemics in
modern intensive poultry farms. Because of this, any policy decisions made
directly from results of this work should be made with some caution. In particular,
conclusions extrapolated regarding the efficacy of the vaccines studied here may
not be valid for other vaccines based upon different H5 antigens and delivery
technologies.

There is an inevitable trade-off between the sensitivity and timeliness of a
surveillance system on one hand, with increased numbers of false reports (i.e. a
reduction in specificity) on the other. Although other studies have attempted to
characterise this ‘false alarm rate’ for different mortality thresholds within farms
(Savill et al. 2008), these assumed that the risk of mortality in an individual bird is
independent of the risk of mortality for other birds in the flock. This is unrealistic
because common causes of mortality in poultry (e.g. other infectious diseases or
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extreme environmental conditions) often affect a proportion of the population at
once. It would be better to assess the specificity of these systems by
retrospectively reviewing production records to identify how often these
thresholds are triggered in the field. It is also possible that the timeliness of
detection may be enhanced by monitoring shed or farm level production data such
as feed and water intakes, but given HPAI is an acute infection with a relatively
short infectious period in individual poultry, even if good quality records are kept
this is unlikely to lead to the reporting of infection much sooner than mortality
thresholds. Indeed, a similar simulation study of low pathogenic avian influenza
transmission within chicken layer flocks indicated that monitoring mortalities was
a more timely method to detect LPAI transmission compared with monitoring
methods that used egg production records (Beltran-Alcrudo et al. 2009).

Despite these shortcomings, this model provides a solid basis to study the
potential transmission of HPAI within poultry farms and can be easily modified to
incorporate revised parameter estimates or further mechanisms of transmission as
better quality data becomes available. In real epidemics, models such as this one
can be used to investigate the potential incubation periods of farms, provided
estimates of the case fatality rate, transmission coefficient and latent and
infectious periods can be obtained and good time series data of mortalities are
available (e.g. Bos et al. 2007).

Although the focus of this study was to estimate parameters for AISPREAD, it
has led to several conclusions about the epidemiology of HPAI within farms.
Under Australian conditions, in unvaccinated farms, if suspected infection is
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reported when a 1% mortality threshold is reached, infection would be reported in
1 to 2 weeks. Assuming a reasonable level of flock-immunity, 1 or 2 doses of
vaccine would increase the resistance of chicken and turkey flocks to HPAI and
would lead to epidemics dying out. However, because many epidemics died out in
vaccinated chicken and turkey flocks before a sentinel chicken became infected,
and therefore sentinel surveillance was only moderately sensitive in detecting
incursions of HPAI. Additional virological and serological surveillance
(depending on the type of vaccine used) may be required to ensure that infection
can be detected vaccinated chicken and turkey flocks. One or two doses of
vaccine did not lead to infection dying out in duck flocks, but surveillance of
sentinel chickens was a sensitive means of detecting HPAI in these circumstances.
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Chapter 8. The verification,
sensitivity analysis of AISPREAD

8.1

validation

and

Introduction

Modelling is recognised as a powerful tool for informing development of policies
for the control of animal diseases. However, to be useful, models need to be fit for
purpose and appropriately verified and validated (Garner et al. 2007). In general,
policy makers and stakeholders need to have confidence that a model is credible
before using it to make inferences about the management of real world situations.
Although this is essentially a value judgement, information from validation
studies can be helpful to assess a model’s credibility. The importance of
conceptual validation, model verification, data validity, sensitivity analysis and
operational validation stages in model development was discussed in Chapter 3.

This chapter describes the development approach used to ensure AISPREAD is
conceptually valid and verified (i.e. is free of coding and logical errors). The
quality of input data is discussed and results of sensitivity analysis studies are
presented for uncertain parameters and logical assumptions. Two operational
validation studies are also described. The first compares the average number of
secondarily infected farms per infected farm (i.e. the reproduction ratio, or R 0)
simulated by the model to estimates derived from analysis of overseas epidemics.
The second compares the outcomes of a 1997 epidemic of HPAI in Tamworth,
NSW to simulated epidemics in that region.
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8.2

Conceptual validity

A conceptual model is a physical, verbal, mathematical or logical representation
of a system that can be used as a basis for the design of a computerised model
(Section 3.4.3). Conceptual model validation is the process of determining
whether the model, as designed, is appropriate for its intended use. During the
development of AISPREAD, subject matter experts were consulted extensively to
ensure that it represents the structure and dynamics of the Australian poultry
industries and the potential transmission and control of HPAI in a realistic
manner. Poultry industry veterinarians commented on early design documents. As
the conceptual model was developed, the design was presented to veterinary
epidemiologists and poultry scientists at a number of fora, including the
Australian Poultry Science Symposium (Hamilton et al. 2006a) and the 11th
International Society for Veterinary Epidemiology and Economics Symposium
(Hamilton et al. 2006b). Overviews of the design of the model were also
presented to government and industry stakeholders at meetings of the National
Avian Influenza Vaccination Expert Advisory Group (Hamilton 2007) and at a
forum of Australian government and poultry industry organisations on
preparedness for avian influenza (Hamilton 2008). At each presentation, the
audience was encouraged to provide critical comments on the conceptual design
of AISPREAD. Particular issues were raised about how the potential transmission
of HPAI was captured through the movement of live birds, and how the
transmission of infection between farms by insects might be captured. After such
consultation, minor modifications to the model’s structure were made where
necessary. For example, a transmission pathway to simulate spiking (or the

233

CHAPTER 8
movement of mature roosters between chicken meat breeder flocks) was
incorporated after comments from several industry representatives.

8.3

Model verification

Verification is the technical process of ensuring that a model’s conceptual
structure is translated accurately into computer code (Section 3.4.6). As discussed
in Chapter 3, errors can be divided into two categories: mechanical errors (errors
in model syntax) and logical errors (errors in the implementation of the program’s
logic) (Rykiel 1996). Because AISPREAD is coded in MapBasic, which is a
compiled computer language, users can have a high degree of confidence that its
code is free of mechanical errors. This is because the MapBasic compiler will not
create executable files if syntax errors are present in the source code. The
identification of logical errors in complex simulation models can be more
difficult. To assist with this, the AISPREAD program is structured into a series of
discrete sub-routines and functions that perform specific logical processes. As
these sub-routines were developed, they were tested separately under plausible
and extreme conditions to check that they were operating as intended before being
incorporated in the model. In the development phase, the model was run over
100,000 times under realistic and extreme starting conditions. If unexpected or
counterintuitive results were produced, specific iterations were re-run and the
values of internal variables were monitored so that errors could be identified and
corrected. Examples of counterintuitive results included instances where counts of
farms a particular disease state was less than zero, or when epidemic durations
were unusually long.
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8.4

Data validity

A model is only as good as the data underpinning it. Real data on the location and
demographics of farms in the study population were obtained from surveys of the
Australian poultry industries conducted in 2005 and 2007 (Section 4.2). However,
less than ideal response rates were obtained for certain questions in the survey,
particularly those involving the contacts networks of service providers for
independent sectors of the poultry industries (Sections 5.2.1 and 5.2.2). Because
excluding non-responding farms from analysis might lead to the underestimation
of the spread of infection in the study population, data imputation was used to
account for missing data. These methods are described in detail in Section 5.2.2.
Other parameters (e.g. those governing farm production events, such as the timing
of depopulation of single-aged farms or periodic visits by service providers) were
estimated through consultation with poultry industry experts (Appendix 3).

Even though Australia has experienced five epidemics of HPAI since 1976, in
each case, limited or no secondary spread of infection occurred. As mentioned
earlier, the relatively low density of poultry farms in these areas may have
reduced the secondary spread of infection, and the scant data available on the
secondary transmission of infection would not have allowed precise estimates of
transmission parameters. Australia experienced a series of virulent Newcastle
disease (vND) epidemics between 1998 and 2002 (East et al. 2006; Kattenbelt et
al. 2006) and epidemiological data from these epidemics could have provided
useful parameter estimates because vND has similar virulence, infectiousness and
virus survival compared with HPAI. Unfortunately, despite extensive efforts, it
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was not possible to access official data from the NSW Department of Primary
Industries (B. Christie, pers. comm., April 2008).

Parameters for the disease spread and mitigation modules were estimated from
results of studies of overseas epidemics of HPAI that were reported in the peerreviewed literature, where possible. Even so there is limited information with
which to estimate a range of model input parameters. For example, although it is
well recognised that the indirect spread of infection by fomites is an important
transmission pathway for HPAI between farms, there are no published studies that
estimate transmission parameters by this mechanism, and these were estimated
through expert opinion (Chapter 6). Similarly, it has been assumed that different
farm types might be expected to be more or less vulnerable to the indirect spread
of infection because of differing standards of routine biosecurity, but in the
absence of field data, these parameters were also estimated by expert opinion
(Chapter 6).

Although intensive efforts were made to derive realistic parameter estimates,
particularly by extensive consultation with industry experts, inevitably there are
uncertainties associated with some of these parameters. Because of this,
sensitivity analysis was conducted on these parameters involving the transmission
of infection by indirect pathways, local spread, the number of days fomites remain
contaminated, the duration of reporting and infectious periods, the sensitivity of
dead bird surveillance, the sensitivity of surveillance visits, the sensitivity of
tracing and the number of available surveillance teams (see Section 8.6).
Sensitivity analysis of uncertain mitigation parameters, including the ability of
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vaccination to reduce the susceptibility and infectiousness of individual farms, is
presented in Chapter 10.

8.5

Determining the desired number of iterations

Before assessing the outputs of a stochastic simulation model, it is necessary to
identify an appropriate number of iterations to run. This is because stochastic
models produce a distribution of outcomes for a given set of input parameters.
Ideally, the number of iterations should be large enough to ensure that the
distribution of the model’s outputs are sufficiently representative of the
distribution that would be obtained if the model was run for an infinite number of
iterations. Of course, this must be balanced by practical considerations such as the
time taken to complete a set of model runs. The number of iterations required for
the sensitivity analysis studies was determined statistically and by demonstrating
convergence of key model parameters.

First, a scenario was chosen to investigate the distributions of three of the model’s
outputs, specifically: the number of infected farms; the time until an epidemic was
eradicated; and the final size of the Restricted Area (RA), which was set as a three
kilometre buffer around Infected Premises (IPs). This epidemic scenario involved
the introduction of HPAI into the same multi-aged pullet and layer farm in the
Sydney region (Scenario S1). This specific farm was randomly chosen from all
multi-aged pullet and layer farms in the Sydney region.

In this study, all input parameters were set to baseline levels (Appendix 3) and
mitigations used for this study included passive surveillance, active surveillance
by dead bird surveillance, tracing, zoning, quarantine, movement restrictions and
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the culling of IPs. Limitations were not imposed on the resources available to
conduct surveillance visits on farms.

The median, 95% probability intervals (PI), mean and standard deviation from
results of 1000 runs of the model are presented in Table 8-1. Results show that in
50% of cases, infection did not spread beyond the initially infected farm and that
the median size of the RA was equivalent to a three kilometre buffer around a
single IP (28 km2). Results were positively skewed and, after inspection of QQ
plots and histograms, could not be assumed to have a normal distribution.

Table 8-1 Results from the pilot study (Scenario S1).
Median (95%
Mean
probability
interval)
Number of infected
5 (1 to 117)
1.7
farms (farms)
Time until epidemic
14 (12 to 34)
15.4
eradicated (days)
Final size of RA (km2)
28 (28 to 142)
45.8

Standard deviation

1.7
5.4
38.8

For this reason, the desired number of iterations was determined for comparisons
using the Wilcoxon-Mann-Whitney test, a non-parametric alternative to the t-test,
using a method proposed in the literature (Zhao et al. 2008). Briefly, this method
calculates the desired sample size to compare samples from two hypothetical nonparametric distributions for a desired level of statistical significance and power. It
allows for tied observations between groups, meaning it can take into account
values present in both distributions.
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Hypothetical comparison datasets were created from the original data by adding
or subtracting fixed values from all data points. These fixed values were selected
to represent biologically significant increases or decreases in median model
outputs. It was decided that the following changes would be of biological or
operational importance: an increase in the median number of infected farms by
one, an increase of three days in the time until the epidemic was eradicated, and
an increase in the final size of the RA by 56.25 km2. Detecting reductions in the
median number of infected farms and the final size of the RA were considered
meaningless, because in the median case infection did not spread from the index
farm and, because at least one farm is initially exposed to infection, these outputs
could not have lower values. However, a reduction of three days in the median
time until the epidemic was eradicated was considered to be biologically
significant. The significance level was set to 0.0017 (using a Bonferroni
adjustment to account for multiple comparisons, described in Section 8.6.1) and
the desired power was set to 0.8. Using a spreadsheet implementation of the
algorithm of Zhao et al., the required number of iterations was calculated to be
between 26 and 47.

Convergence of the model was assessed by plotting running medians of the
epidemic duration, number of infected farms and the final size of the RA for
results from the pilot study to demonstrate the number of iterations required for
this statistic to stabilise. Running medians were calculated cumulatively, so that
for example, the running median of the 500th iteration was the median of the first
500 iterations of the model.
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It was assumed that the overall medians of the key model outputs after 1000
iterations were representative of the ‘true’ medians of the model, if it were run an
infinite number of times. Running median estimates were divided by the estimate
of the ‘true’ median, and were plotted to visualise the convergence over the
number of iterations. Plots of the running medians indicated that the key outputs
had converged to within ±10% of the overall values after 100 iterations, which
was considered an acceptable level of precision for the sensitivity analysis studies
(Figure 8-1).

Figure 8-1 Graph demonstrating the convergence of the median of the
number of infected farms, epidemic duration and the final size of the RA
area to within ±10% of the estimate of the ‘true’ median values (bounded by
the blue lines), estimated after 1000 iterations of the model.

Given one run of the model can take between 45 and 60 seconds to complete
using a 2.5 GHz Intel Core Duo processor, results from 100 iterations of the
model were considered sufficient for sensitivity analysis studies, because this
exceeded the required number of iterations and was considered computationally
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feasible. A higher degree of precision was required for the operational validation
studies and those presented in Chapters 9 and 10. In these cases, 1000 iterations
were conducted for each scenario. This sample size is considered appropriate for
these studies because similar studies using spatial, stochastic simulation models of
HPAI and foot-and-mouth disease often use between 40 and 1000 iterations (Le
Menach et al. 2006; Dubé et al. 2007; Truscott et al. 2007; Dickey et al. 2008;
Ward et al. 2009).

8.6

Sensitivity analysis

Sensitivity analysis is a critical step in model building because it gives an
understanding of the internal dynamics of a model and can provide information to
the users of a model about how robust its outcomes are to different inputs and
assumptions (Frey & Patil 2002). A wide range of methods can be used to conduct
sensitivity analysis of simulation models. These vary in complexity from ‘local’
methods, where one input parameter is varied at a time while all others are fixed,
to more complex ‘global’ methods that allow the study of more complex
interactions and dependencies between parameters by allowing more than one
input parameter to vary at once (Frey & Patil 2002).

Results of local sensitivity analysis studies are presented here to investigate the
impacts of uncertain parameter estimates and logical assumptions used in
AISPREAD on three key model parameters (the number of infected farms, the
time until infection was eradicated and the final size of the RA).

Although ‘local’ sensitivity analysis methods were chosen in preference to more
complex methods for sensitivity analysis because of its intuitive nature and
241

CHAPTER 8
because the results can be readily interpreted, it is recognised that these methods
are not able to identify nor characterise more complex interactions between all
uncertain parameter estimates over their range, particularly when a model’s
outputs are not linear or where the effects are not additive. In these cases, the
choice of ‘local’ sensitivity analysis methods may not identify all important
factors in a model, akin to Type II statistical error (Saltelli et al. 2008).

8.6.1 Methods
Sensitivity analysis studies were undertaken to identify how the three key model
outputs are affected by transmission parameters governing indirect transmission
pathways, the relative effectiveness of biocontainment and bioexclusion practices
on different farm types, the period fomites can remain contaminated, the nature of
local spread, and the duration of reporting and infectious periods for different
farm types. A similar approach was used to test the implications of two logical
assumptions built into AISPREAD (i.e. that Non-Operational farms pose no risk
to other farms by local spread, and that the risk of transmission posed by
Infectious farms is constant over time). Assumptions about the sensitivity of
tracing, surveillance visits and dead bird surveillance were tested. Limits were
also placed on the number of surveillance visits that could be conducted per day.
Sensitivity analysis experiments were designed to investigate the implication of
less defensible parameter estimates. Although a complete blocked design was not
used, these parameters were selected for investigation because they had been
estimated based on expert opinion (Chapter 6), the farm-level model (Chapter 7)
or had been estimated a priori during model development (Chapter 5).
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These experiments were conducted as follows. A ‘base scenario’ (S2) was
designed where infection was introduced into the same chicken pullet and layer
farm in the Sydney region as for Scenario S1. In S2, all parameter values were set
to their base values. Thirty one other scenarios were developed (S3 to 33) to
investigate the sensitivity of AISPREAD to the uncertain parameters and
assumptions described above.

Nominal range sensitivity analysis was conducted for indirect transmission
parameters, where transmission parameter estimates were varied over the range of
plausible values. This involved using the minimum and then the maximum values
of the probability distributions derived from an earlier expert opinion study (S3 to
S22) (see Chapter 6). To investigate the impacts of different mechanisms of local
spread on AISPREAD’s outputs, in S23 the base transmission kernel was
substituted with the uncalibrated transmission kernel used in the studies of
Truscott et al. (2007). The importance of assumptions regarding the duration of
infectious and reporting periods was investigated by doubling and halving base
parameters for the probability distributions of these parameters (S24 and S25,
respectively). The significance of assumptions regarding the period of time
fomites can remain contaminated in the model was tested by reducing the value of
this parameter from five to two days (S26). Simulations were also conducted
where Non-Operational farms could transmit infection to Susceptible farms by
local spread (S27) and where the infectiousness of Infectious farms increased
linearly to 100% over the first seven days, to account for increasing farm level
virus production as the on-farm epidemic progresses (S28). The effect of varying
biocontainment and bioexclusion parameters across different farm types was
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investigated in S29. Scenarios were developed to test the impacts of reducing the
sensitivities of dead bird surveillance (S30), surveillance visits and tracing (S32),
and decreasing the number of surveillance visits that can be conducted each day
(S33). Scenarios S3 to S33 involved the introduction of infection into the same
farm as for the base scenario.

In these studies, passive surveillance, active surveillance by dead bird collection,
tracing, zoning, quarantine, movement restrictions and the culling of IPs were
simulated. The sensitivity of tracing, surveillance visits and dead bird surveillance
was assumed to be 100% except for S30 to S32. No resource constraints were
placed on the diagnosis or surveillance farms, apart from where indicated in Table
8-2. It was assumed that culling operations could be conducted on a maximum of
six farms per day, the maximum response capacity available for the 1985
epidemic of HPAI in Bendigo, Victoria (Baldock 1992). At the start of each
simulated epidemic, each farm in the study population was randomly assigned to a
stage in its production cycle. Each iteration was run until infection was eradicated
(i.e. there were no Latent, Infectious, Contaminated or Non-Operational farms in
the population). Further details of the design and implementation of these
sensitivity analysis scenarios are presented in Table 8-2.

One hundred iterations of the model were run for each scenario. Differences in the
median number of infected farms, the time until the epidemic was eradicated and
the final size of the RA for scenarios S3 to S33 were compared with S2 using
Wilcoxon-Mann-Whitney tests, because results could not be assumed to have a
parametric distribution. To account for 31 comparisons, the level of significance
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was decreased from 0.05 to 0.0017, using a Bonferroni adjustment. It is a
common misconception that this statistical test examines differences in the
median values of two distributions. Rather, by examining all possible
combinations of pairs of results in the two sets of samples, it tests the null
hypothesis that both sets came from the same distribution (Mann & Whitney
1947). Even so, it was decided that because results were likely to be positively
skewed, scenarios where the upper limit of the 95% PI was increased or decreased
by 50% compared with the baseline scenario should be highlighted because of
their potential biological significance. Medians and the 97.5 percentiles were used
to describe the likely and more extreme outcomes of HPAI epidemics.

Table 8-2 Description of sensitivity analysis studies. Reductions and increases
were based on minimum and maximum values of probability distributions
sourced from literature, the within-farm model or expert opinion.
Percentage
change in
parameter
value from
Scenario Description
Value(s)/implementation
base level
Baseline
All parameters kept at base
S2
n/a
levels
Reduced probability of
S3
transmission by feed
0.0000005
−99.9997%
deliveries
Increased probability of
S4
transmission by feed
0.85
+458%
deliveries
Reduced probability of
S5
transmission by dead bird
0.0000005
−99.9998%
collection
Increased probability of
S6
transmission by dead bird
0.85
+319%
collection
Reduced probability of
0.0005005
S7
transmission by litter
−99.89%
and/or manure collection
Increased probability of
transmission litter and/or
S8
0.85
+78.93%
manure collection
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Table 8-2 Description of sensitivity analysis studies. Reductions and increases
were based on minimum and maximum values of probability distributions
sourced from literature, the within-farm model or expert opinion.
Percentage
change in
parameter
value from
Scenario Description
Value(s)/implementation
base level
Reduced probability of
S9
transmission by day-old
0.0000005
−99.999%
chick delivery
Increased probability of
S10
transmission by day-old
0.5
+517%
chick delivery
Reduced probability of
transmission by litter
S11
0.0000005
−99.9997%
delivery

S12

S13

S14
S15
S16
S17

S18

S19

S20

S21

Increased probability of
transmission by litter
delivery
Reduced probability of
transmission by sanitation
crews
Increased probability of
transmission by sanitation
crews
Reduced probability of
transmission by egg trays
Increased probability of
transmission by egg trays
Reduced probability of
transmission by
vaccination crews
Increased probability of
transmission by
vaccination crews
Reduced probability of
transmission by other
slaughter crews
Increased probability of
transmission by other
slaughter crews
Reduced probability of
transmission by
broiler/turkey grower
pickup crews
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0.5

+208%

0.0005005

−99.65%

0.5

+250%

0.0005005

−99.89%

0.85

+88%

0.0005005

−99.89%

0.85

+94%

0.0255

−96%

0.85

+28%

0.0255

−97%
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Table 8-2 Description of sensitivity analysis studies. Reductions and increases
were based on minimum and maximum values of probability distributions
sourced from literature, the within-farm model or expert opinion.
Percentage
change in
parameter
value from
Scenario Description
Value(s)/implementation
base level
Increased probability of
transmission by
S22
0.85
+9%
broiler/turkey grower
pickup crews
Truscott’s uncalibrated
S23
transmission kernel
see Figure 5-6
n/a
implemented
Increased reporting and
Infectious periods and
S24
+100%
infectious periods
reporting periods doubled
Decreased reporting and
Infectious periods and
S25
−50%
infectious periods
reporting periods halved
Decreased contamination
S26
2 days
−60%
period of fomites
Local spread for NonLocal spread occurs
S27
Operational farms
between Non-Operational
n/a
and Susceptible farms
Increasing infectiousness All base transmission
of Infectious farms over
probabilities for Infectious
time
farms were scaled by an
infectiousness factor (i)
which increased linearly
S28
n/a
with the number of days
since the farm became
Infectious (t), i.e.:
i

t / 7 where t

i 1

S29
S30
S31
S32
S33

Biosecurity factors not
included

where t

7
7

Biocontainment and
bioexclusion factors set to
one for all farm types

n/a

0.5

−50%

0.9

−10%

0.5

−50%

5

n/a

Sensitivity of dead bird
collection reduced
Sensitivity of surveillance
visits reduced
Sensitivity of tracing
reduced
Maximum number of
surveillance visits per day
reduced
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8.6.2 Results
Table 8-3 shows the median and 95% PI of the number of infected farms, the time
until infection was eradicated and the final size of the RA for scenarios S2 to S33.
These median model outputs were relatively insensitive to most of the parameters
associated with disease transmission, although in some cases the range of possible
outcomes was altered. Scenarios involving the alternate transmission kernel (S23)
and increased reporting and infectious periods (S24) had statistically significant
differences in distributions of one or more output parameters compared with the
base scenario (p<0.0017). In these instances, this difference was observed as an
increase in the median and 95% upper bound of the PI. The scenario involving
reduced probability of transmission by the movement of egg trays (S15) displayed
a statistically significant differences (p<0.0017) when compared with the baseline
scenario, there was no apparent difference for S15 in the median number of
infected farms and the final size of the RA. However, the upper bound of the 95%
PI for these outputs were reduced compared with the baseline scenario.

There were no statistically significant differences in the distribution of the three
output parameters in all other scenarios when compared with the baseline
scenario. However, the 95% upper bound of the PI of one or more output
parameters was greater than 150% of that of the baseline scenario for scenarios
involving the increased probability of transmission by feed deliveries (S4), litter
and/or manure collection (S8), the movement of egg trays (S16), slaughter crews
(S20) and those involving the decreased probability of transmission by slaughter
crews (S19). The 95% upper bound was less than 50% of that of the baseline
scenario when reporting and infectious period of farms were halved (S25).
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Although there was no statistically significant change in the final size of the RA
when the sensitivity of surveillance visits (S31) and tracing was reduced (S32),
the upper bound of the 95% PI increased by greater than 50% compared with the
baseline scenario. However, there were no biologically significant differences
found in the distribution of the number of infected farms or the time until
eradication.

Table 8-3 Results from sensitivity analysis studies.
Number of
infected
farms
S2
S3

S4

S5

S6

S7

S8

S9

S10
S11
S12

Base
Reduced probability of
transmission by feed
deliveries
Increased probability of
transmission by feed
deliveries
Reduced probability of
transmission by dead bird
collection
Increased probability of
transmission by dead bird
collection
Reduced probability of
transmission by litter and/or
manure collection
Increased probability of
transmission litter and/or
manure collection
Reduced probability of
transmission by day-old chick
delivery
Increased probability of
transmission by day-old chick
delivery
Reduced probability of
transmission by litter delivery
Increased probability of
transmission by litter delivery

Time until
epidemic
eradicated
Final size of RA
(days)
(km2)
Median (95% PI)

1 (1 to 6)

14 (12 to 36)

28 (28 to 146)

1 (1 to 7)

14 (12 to 35)

28 (28 to 177)

1 (1 to 114) a

14 (12 to 110) a

28 (28 to 1417) a

1 (1 to 6)

14 (12 to 32)

28 (28 to 141)

1 (1 to 8)

14 (12 to 37)

28 (28 to 143)

1 (1 to 5)

13 (12 to 32)

28 (28 to 126)

1 (1 to 10) a

13.5 (12 to 34)

28 (28 to 223) a

1 (1 to 8)

13.5 (12 to 30)

28 (28 to 213)

1 (1 to 6)

13 (12 to 31)

28 (28 to 140)

1 (1 to 8)

14 (12 to 36)

28 (28 to 168)

1 (1 to 4)

13 (12 to 27)

28 (28 to 111)
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Table 8-3 Results from sensitivity analysis studies.
Number of
infected
farms

S13

S14
S15
S16
S17

S18

S19

S20

S21

S22

S23
S24
S25
S26
S27
S28
S29

Reduced probability of
transmission by sanitation
crews
Increased probability of
transmission by sanitation
crews
Reduced probability of
transmission by egg trays
Increased probability of
transmission by egg trays
Reduced probability of
transmission by vaccination
crews
Increased probability of
transmission by vaccination
crews
Reduced probability of
transmission by other
slaughter crews
Increased probability of
transmission by other
slaughter crews
Reduced probability of
transmission by broiler/turkey
grower pickup crews
Increased probability of
transmission by broiler/turkey
grower pickup crews
Truscott’s uncalibrated
transmission kernel
implemented
Increased reporting and
infectious periods
Decreased reporting and
infectious periods
Decreased contamination
period of fomites
Local spread for NonOperational farms
Increasing infectiousness of
Infectious farms over time
Biosecurity factors not
included

Time until
epidemic
eradicated
Final size of RA
(days)
(km2)
Median (95% PI)

1 (1 to 5)

13 (12 to 35)

28 (28 to 139)

1 (1 to 6)

14 (12 to 34)

28 (28 to 154)

1 (1 to 4) b,*

13 (12 to 18) c

28 (28 to 98) b,*

1 (1 to 9) a

14 (12 to 35)

28 (28 to 209)

1 (1 to 7)

14 (12 to 35)

28 (28 to 173)

1 (1 to 7)

14 (12 to 35)

28 (28 to 173)

1 (1 to 20) a

14 (12 to 52) a

28 (28 to 400) a

1 (1 to 10) a

14 (12 to 44)

28 (28 to 219) a

1 (1 to 7)

14 (12 to 32)

28 (28 to 194)

1 (1 to 6)

13 (12 to 34)

28 (28 to 112)

2 (1 to 338)
a,
*

16 (12 to 234)
a,
*

47 (28 to 3310)
a,
*

2 (1 to 133)
a,
*

23 (18 to 127)
a,
*

56 (28 to 1797)
a,
*

1 (1 to 4)

10 (9 to 19)b

28 (28 to 98)

1 (1 to 4)

13 (12 to 25)

28 (28 to 84)

1 (1 to 6)

14 (12 to 35)

28 (28 to 144)

1 (1 to 5)

14 (12 to 35)

28 (28 to 115)

1 (1 to 6)

14 (12 to 27)

28 (28 to 140)
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Table 8-3 Results from sensitivity analysis studies.
Number of
infected
farms

Time until
epidemic
eradicated
Final size of RA
(days)
(km2)
Median (95% PI)

Reduced sensitivity of dead
1 (1 to 5)
14 (12 to 35)
28 (28 to 121)
bird surveillance
Reduced sensitivity of
S31
1 (1 to 34)
14 (12 to 50)
28 (28 to 598) a
surveillance visit
S32 Reduced sensitivity of tracing
1 (1 to 49)
14 (12 to 61)
28 (28 to 764) a
Reduced number of
S33
1 (1 to 5)
13 (12 to 29)
28 (28 to 111)
surveillance teams available
a
The upper bound of the 95% PI was increased by at least 50% compared with the baseline
scenario
b
The upper bound of the 95% PI was decreased by at least 50% compared with the baseline
scenario
c
The index farm was Empty when exposed to infection in 5% of cases. These runs were
excluded from the analysis.
* p<0.0017
S30

8.6.3 Discussion
The local sensitivity analysis studies showed that a reduction in the transmission
of infection by the re-use of cardboard egg trays led to a statistically significant
reduction the number of infected farms and the overall size of the RA. Increasing
the probability of transmission by pathways involving the movement of egg trays,
feed deliveries, litter and/or manure collection and slaughter crews led to
biologically significant increases in the range of the 95% PI of at least one of the
output parameters. The 97.5% percentile of all three model outputs were also
increased when the probability of transmission by slaughter crews was reduced
(S19). However, this was because of stochastic variation in results leading to three
iterations that produced very large epidemics; all other simulated epidemics for
this scenario led to outbreaks where less than five farms were infected. When the
sensitivity of surveillance visits and tracing were reduced from 100%, the upper
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bound of the size of the RA increased. Although not statistically significant, this
indicates that these parameters may be important in reducing the spatial
dissemination of infection, and estimates were revised to 95% for future studies
presented in Section 8.7 and Chapters 9 and 10.

It is surprising that sensitivity analysis of other indirect transmission parameters
or biosecurity parameters (i.e. those representing biocontainment and bioexclusion
practices) did not lead to biologically or statistically significant results. This does
not mean that these pathways are unimportant and can be removed from the
model. Rather, it implies that uncertainty in the parameter estimates tested do not
have an important impact upon selected model results for the scenarios tested.

As expected, the implementation of Truscott’s uncalibrated transmission kernel
led to epidemics that in the median case infected more farms, took longer to
eradicate and affected a wider geographical area. This relationship was even more
profound in the upper 95% bounds of PI, where the number of infected farms,
time until the epidemic was eradicated and the final size of the RA increased by
56, 6.5 and 23 times, respectively, indicating that this kernel tended to generate
larger epidemics, particularly at the more extreme end of the distribution. The
baseline transmission kernel that was chosen for this study is the best information
available about the local spread of HPAI. It is superior to the others mentioned in
Section 5.3.3.3.1 because it was developed from spatio-temporal data from a real
HPAI epidemic that occurred in 2003 in the Netherlands rather than a priori
estimates. However these results show that the model is sensitive to the way local
spread is simulated. This finding has implications for the importance of this
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pathway in AISPREAD because it is conceivable that the local spread of HPAI in
Australia could be substantially different from that experienced in the Netherlands
due to management or environmental factors. For instance, conditions in many
poultry production regions of Australia throughout the year are warmer than those
experienced during the 2003 epidemic in the Netherlands, where daytime
temperatures averaged 7.7˚C over the epidemic period (Anonymous 2008).
Warmer Australian conditions would be expected to decrease virus survival in the
environment and may lead to reduced transmission of infection between farms.
Obtaining real data about the local spread of HPAI, or another infectious viral
disease of poultry, would allow for a better understanding of this phenomenon
under Australian conditions.
When infectious and reporting periods were doubled, a twofold increase was
noted in the median estimates of all three model outputs. Halving these
parameters led to a 29% reduction in the duration of an epidemic. These results
show that AISPREAD’s results are moderately sensitive to estimates of these
parameters. Reducing the number of days fomites remain contaminated did not
substantially affect the model’s results. This is likely to be because the
‘infectiousness’ of fomites is assumed to be reduced over time (Appendix 3).
Scenarios which examined logical assumptions about the transmission of
infection, i.e. where Non-Operational farms posed a risk for local spread and the
infectiousness of Infectious farms was scaled to account for the amplification of
virus on farms over time, were not associated with a difference in median model
outputs.
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8.7

Operational validation studies

Two studies were conducted to assess AISPREAD’s operational validity, to
ensure that its results are sufficiently accurate and precise for its intended use. The
first monitored R0 for epidemics in the Sydney region of NSW before control
measures were implemented, to ensure the spread of infection within AISPREAD
was comparable with estimates from epidemics in Italy, Canada and the
Netherlands. The second compared the results of AISPREAD and the 1997
epidemic of HPAI in Tamworth.

8.7.1 Monitoring R0
Epidemiological studies have estimated the R0 of HPAI before control measures
were implemented for epidemics involving commercial intensive poultry farms in
Italy, the Netherlands and Canada (Stegeman et al. 2004; Garske et al. 2007).
These studies estimated that the R0 of HPAI was between 1.1 and 6.5 before
infection was detected (Table 8-4). The aim of this study was to investigate
whether the R0 of HPAI simulated by AISPREAD for epidemics in the Sydney
region are comparable with those derived for regions in Italy, the Netherlands and
Canada that experienced extensive HPAI epidemics. The Sydney region was
chosen because it had similar farm densities to the regions affected in these
overseas epidemics, as discussed in Chapter 4. Estimates of the R0 of HPAI
between poultry-owning villages in Romania were not included because
differences husbandry and population level factors would limit the applicability of
these estimates for commercial intensive poultry farms (Ward et al. 2009).
Another study of the epidemics in Lombardy and Veneto did not estimate R0 prior
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to the implementation of control measures and was not included in Table 8-4
(Mannelli et al. 2007).

Table 8-4 Estimated basic reproductive ratios (R0) prior to the
implementation of control measures.
Location of
R0 prior to reporting (95%
epidemic
confidence intervals)
Reference
Lombardy and
1.9 (1.2 to 2.7)
(Garske et al. 2007)
Veneto, Italy
Gelderse
1.1 (0.9 to 1.5)
(Garske et al. 2007)
valley, the
6.5 (3.1 to 9.9)
(Stegeman et al. 2004)
Netherlands
1.9 (1.0 to 3.0)
(Garske et al. 2007)
Limburg, the
Netherlands
3.1 (n/a)
(Stegeman et al. 2004)
British
Columbia,
2.4 (1.4 to 3.6)
(Garske et al. 2007)
Canada

8.7.1.1

Methods

One thousand iterations of the model were run in this study. At the start of each
iteration, a farm was randomly chosen from the Sydney region and was exposed
to infection (see Figure 4-4). This enabled the study to estimate an overall value
for R0 for farms in the Sydney region. If the chosen farm became infected, the
model recorded the number of farms it infected until it ceased to be Infectious.
The R0 was calculated by simply determining the average of the distribution of the
number of secondarily infected farms for each initially exposed farm.

8.7.1.2

Results

Figure 8-2 shows the distribution of dissemination rates in this study. Although
46% percent of Infectious farms did not infect other farms, the overall estimate of
the R0 including these results was 1.9. The 95% and 97.5% most extreme values
were 8 and 10 respectively.
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Figure 8-2 Simulated dissemination rates of HPAI between farms the Sydney
region.

8.7.1.3

Discussion

The simulated R0 for epidemics seeded in the Sydney area was comparable to
estimates from HPAI epidemics in other high density commercial poultry
production regions overseas. The R0 was outside the 95% confidence interval of
just one study, which estimated the upper bound of the 95% confidence interval of
R0 for the 2003 HPAI epidemic in the Gelderse valley of the Netherlands to be 1.5
(Garske et al. 2007). However estimates of the R0 statistic from field data can be
sensitive to the methods and assumptions used in its calculation. In particular, the
estimate of R0 from this epidemic by Garske et al. was much lower than another
study conducted on data from the same epidemic that is also presented in Table 84 (Stegeman et al., 2004). Remarkably, even the 95% confidence intervals of
these studies do not overlap. This difference has been attributed to differences in
estimates of farm level infectious periods (Garske et al. 2007), highlighting how
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sensitive estimates of R0 may be to the methods and assumptions used in its
calculation.

These results provide some confidence that the spread of infection in the model is
simulated in a realistic manner. However, confounding factors such as differences
in the demographics and management of the poultry farm populations in Australia
and Italy, the Netherlands and Canada might mean that estimates of R0 are not
directly comparable between poultry industries in different countries. Also, it is
important to consider potential publication bias in this instance because the
epidemics referenced were three of the six largest epidemics of HPAI reported
since 1955 (Capua & Alexander 2007; OIE 2009b). Not unexpectedly, it is the
larger epidemics that tend to be reported and studied. Thus these epidemics would
be expected to have larger R0 values than smaller self-limiting epidemics. For
instance, over this period at least seven of the 27 reported primary epidemics in
poultry have not spread from the initially infected farm (Perdue & Swayne 2005;
Capua & Alexander 2007; OIE 2009b) and obviously, in these instances the R0
would be zero. This is consistent with the findings here that 46% of iterations did
not result in any spread from the index farm.

8.7.2 Comparison with the 1997 Tamworth epidemic
A second operational validation study was conducted to compare the 1997 HPAI
epidemic in Tamworth, NSW and epidemics simulated by AISPREAD in terms of
the number of infected farms, the time until an epidemic concluded and the size of
the RA around infected farms. Although it is unclear from published documents
where the boundaries of the RA were drawn in this epidemic, we have assumed
that there was a three kilometre buffer around infected farms, consistent with
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AUSVETPLAN guidelines (Animal Health Australia 2008a). Data collection
during an epidemic is never perfect, and in this case there are uncertainties about
the timing and progression of the Tamworth epidemic (see Section 8.7.2.1).

Although there was some evidence that poultry on IP1 had been infected with
LPAI prior to the emergence of HPAI, this aspect of the epidemic has been
ignored in the operational validation study because AISPREAD is not designed to
simulate the emergence of HPAI from precursor LPAI viruses within farms, nor
to investigate the potential implications of concurrent LPAI and HPAI epidemics.
Thus, the timeline presented below concentrates on the emergence and spread of
HPAI from the index premises.

8.7.2.1

Description of the epidemic

In 1997, an epidemic of HPAI resulted in the infection of six farms located on
three premises near Tamworth (Selleck et al. 2003). The discrepancy between the
number of farms and premises is because the index premises (IP1) was a large
property that contained four chicken meat PB farms, and was treated as a single
premises for disease control purposes. The other two IPs were a nearby PB farm
operated by another chicken meat integrator (IP2) and a small flock of emus on a
chicken meat broiler farm (IP3). Figure 8-3 shows the location of IPs in the
Tamworth epidemic.
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Figure 8-3 Map of infected premises in the Tamworth HPAI epidemic. Data
obtained from P. Groves, (pers. comm., August 2008).
A proposed timeline of events in this epidemic is presented in Table 8-5. Because
all viruses isolated from the three IPs were HPAI and had identical
haemagglutinin cleavage sites, it is reasonable to assume that a single lineage of
HPAI viruses emerged within one flock and spread to the other IPs. Although
infection was initially reported on one of the four farms on IP1, it is unclear which
premises were first infected with HPAI because the initial date of infection of the
emus on IP3 could not be determined. However, sera collected on 25 November
1997 from one shed of clinically normal chickens on farm 4 of IP1 was positive
for H7 Influenza A antibodies, supporting the hypothesis posed by Selleck et al.
(2003) that infection was introduced as low pathogenic avian influenza (LPAI)
initially into this shed and HPAI subsequently emerged on IP1. An alternative
hypothesis, proposed by Selleck et al. (2003), was that infection was initially
introduced into the emu flock on IP3 and subsequently spread to IP1 and IP2. This
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is also possible; however, with circumstantial evidence of LPAI circulating on IP1
and no evidence of LPAI virus circulating in the emu flock on IP3, this course of
events seems less likely. This is because it implies that there were multiple
incursions of H7 LPAI and HPAI onto IP1, or that two or more HPAI viruses
emerged on IP1 and IP3 after independently acquiring an identical mutation in the
haemagglutinin cleavage site.

Table 8-5 Proposed timeline of events in the Tamworth HPAI epidemic
(adapted from Selleck et al., 2003).
Date
Event
Estimated date of introduction of HPAI into one shed on farm 4 of
4-Nov-97?
IP1
16-Nov-97 1% daily mortalities in one shed on farm 4 of IP1*
21-Nov-97 1% daily mortalities in one shed on farm 1 of IP1*
24-Nov-97 1% daily mortalities in one shed on farm 3 of IP1*
25-Nov-97 Surveillance conducted on IP1
27-Nov-97 1% daily mortalities in one shed on farm 2 of IP1*
Diagnosis of HPAI confirmed on IP1
30-Nov-97 Culling commenced IP1
2-Dec-97
Surveillance conducted on IP2
5-Dec-97
Surveillance conducted on emus on IP3
6-Dec-97
Diagnosis of HPAI confirmed on IP2
12-Dec-97 Diagnosis of HPAI confirmed on IP3
13-Dec-97 Culling and decontamination completed on IP3
* Assuming 10,000 birds per shed
Note it is unclear from Selleck et al. (2003) when culling and decontamination
was completed on IP1 and IP2

Several assumptions have been made in the proposed timeline presented in Table
8-5. Daily incidence of mortality per shed was calculated from published data,
assuming that each shed contained 10,000 birds (Selleck et al. 2003). To backcalculate the day of introduction, it was assumed that infection would be
introduced up to 12 days before 1% daily incidence of mortality was reached. This
is in agreement with results from the within-farm model of HPAI presented in
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Chapter 7 for farms divided into sheds of 10,000 birds. From this, it is estimated
that HPAI virus may have been introduced into the index shed on IP1 around the
4 November 1997, indicating that HPAI could have been circulating for
approximately 21 days before infection was reported and that the duration of the
epidemic was up to 39 days until the last IP was culled and decontaminated. The
area of the RA, assumed to be a three kilometre buffer around infected farms, was
62 km2.

8.7.2.2

Methods

The four farms that were collectively designated as IP1 in the real epidemic are
listed separately in AISPREAD’s database and were treated as individual farms in
this study. At the start of each simulation, all farms in the study population were
set to random stages in their production cycle and one of the four farms
comprising IP1 was randomly chosen and exposed to infection. If the farm was
Populated it was set to report infection in 21 days, and if it was Empty infection
did not establish and this run was excluded from data analysis. Simulations where
the initially infected farm was depopulated before infection was reported were
also excluded, as this did not occur in the historical epidemic. The sensitivity of
dead bird surveillance, surveillance visits and tracing were set to 0.95. All other
parameters were set to base levels. Results of 1000 runs of the model are
presented in this section.

8.7.2.3

Results

In 10.3% of simulated epidemics, the first farm was Empty when exposed to
infection, and in a further 5.1% of simulations the index farm was routinely
depopulated before infection was detected. These iterations were excluded from
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analysis and results of the remaining 84.6% of runs of the model are presented in
this section. The number of infected farms, the time until the epidemic was
eradicated and the area of the RA around infected farms of the real epidemic fell
within the 95% PI of simulated epidemics (Table 8-6). Outcomes of the 1997
epidemic represented the 90%, 89% and 82% most extreme values generated by
the model of the number of infected farms, time until the epidemic was
eradicated, and the area of the RA around infected farms, respectively.

Table 8-6 Results of simulated epidemics in the Tamworth region.
Output
Median
Outcome from 1997
(95% PI)
epidemic
Number of infected farms
2 (1 to 54)
6
Time until epidemic eradicated (days) 28 (22 to 76)
39
Size of the RA around infected farms
30 (28 to
62
(km2)
936)

The spatial spread of infection simulated in this study is presented in Figure 8-4,
using a map of Australia divided into 25 by 25 km grid cells to illustrate the
proportion of model runs in which one or more farms in the cell were infected. In
78% of simulated epidemics, only the grid cell containing the initially infected
farm was affected (shown in black in Figure 8-4) and just 2% of simulated
epidemics infected farms more than five grid cells. Notably, three grid cells on the
Central Coast of NSW were infected in 10 to 17% of iterations. All 69 other
affected grid cells, located in NSW, Queensland, Victoria and South Australia,
were affected in less than 8% of model runs.
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Figure 8-4 Map of infected areas in the operational validation study,
comparing simulated results with the Tamworth epidemic of HPAI in 1997.

8.7.2.4

Discussion

These results indicate that AISPREAD was able to realistically recreate an actual
Australian epidemic of HPAI within the Tamworth region. Median outcomes of
simulated epidemics were in the same order of magnitude as the outcomes of the
1997 epidemic in Tamworth. The number of infected farms, the number of days
until the epidemic concluded and the RA of the 1997 epidemic were towards the
extreme end of the predicted distribution. However, with one observed epidemic
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of HPAI in the region for comparison it is difficult to determine whether these
results highlight a tendency of AISPREAD to underestimate the secondary spread
of infection or whether the Tamworth epidemic was an extreme event. Because
this study has been conducted using data on the current structure and dynamics of
the poultry industries, it assumes that changes in industry structure and dynamics
between 1997 and 2005/2007 would not substantially affect the spread of
infection. However, since then guidelines have been developed for routine
biosecurity practices on chicken meat and chicken egg layer farms (Grimes &
Jackson 2001; ACMF 2003), and the overall improvement in biosecurity
measures may have reduced the risk of secondary spread in AISPREAD. The
simulated spread of infection to other poultry production regions in a proportion
of cases can also give some indication of the functional connectivity of different
poultry production regions. This is investigated further in studies presented in
Chapter 9.

8.8

Conclusions

Stakeholders can have confidence that AISPREAD is a useful tool to provide
appropriate insight into strategic questions about the potential spread and control
of HPAI in the Australian poultry. AISPREAD has a high conceptual validity, as
it has been designed after extensive consultation with poultry industry and
government experts and its conceptual design has been thoroughly documented so
that users can see and evaluate the validity of the model’s assumptions. To ensure
that the program was coded correctly, functions and sub-routines were checked
using realistic and extreme conditions before being added to the model to ensure
that they were operating as intended. As an added measure of transparency,

264

CHAPTER 8
AISPREAD’s source code is presented in electronic supplementary material to
this thesis (Appendix 6).

The best available data on the structure and dynamics of Australian poultry farms
have been used in the model. Although there is some uncertainty about the
potential indirect transmission of HPAI between farms under Australian
conditions, sensitivity analysis studies showed that variation in parameters
governing these pathways, including base transmission parameters, the relative
efficacy of biosecurity practiced on different farm types, and the contamination
period of fomites, in most cases had little effect on key model outputs. Sensitivity
analysis studies indicated that a better understanding of the local spread of HPAI
would enhance the precision and accuracy of AISPREAD’s outputs. The duration
of infectious and reporting periods of farms was positively correlated with the
number of infected farms, duration of epidemics and spatial dispersion of
infection. This suggests that better estimates of the farm-level latent and infectious
periods of HPAI from field data would also be of benefit.

Although reducing the sensitivity of tracing, dead bird surveillance and
surveillance visits did not result in a statistically significant difference in
sensitivity analysis, increases in the 97.5% percentile of the size of the RA
indicates that these parameters may affect the spatial distribution of infection. As
mentioned earlier, these values were amended in the operational validation studies
presented here and in studies in Chapters 9 and 10. Potentially controversial
assumptions made in AISPREAD’s design, i.e. that the risk posed by Infectious
farms to Susceptible farms is constant over time and that Non-Operational farms
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not posing a risk to other farms by local spread, did not have a major impact upon
model outputs. AISPREAD is sensitive to the characteristics of the farm initially
exposed to infection. Therefore, studies have been undertaken to identify farm
types and regions most vulnerable to HPAI. These are presented in Chapter 9.

AISPREAD performed well in operational validation studies and results were
consistent with past experience with HPAI. Outputs of the model were
comparable to a recent Australian epidemic of HPAI and the simulated R0 of
infection between farms was similar to those experienced in overseas epidemics.
Although AISPREAD appears to simulate the spread of HPAI in a realistic
manner, as is the case for many epidemiological models of exotic disease (as
discussed in Chapter 3), the findings should be interpreted taking into account the
limited availability of epidemiological data on the spread of HPAI in the study
population.

Given the results from the operational validation and sensitivity analysis studies,
AISPREAD provides a good basis to investigate strategic questions about the
potential spread of HPAI in different areas and industries and to explore the
advantages and disadvantages of different broad approaches to the control and
eradication of infection.
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Chapter 9. Potential impacts of HPAI epidemics
across different regions and poultry industry
sectors in Australia

9.1

Introduction

Understanding the potential behaviour of highly pathogenic avian influenza
(HPAI) under Australian conditions is a key component of emergency
preparedness planning. If animal health policy makers were able to compare the
potential scale and consequences of HPAI incursions in different industry sectors
or regions of the country, risk communication and surveillance activities could be
targeted to vulnerable sub-populations of poultry farms.

The objective of the study presented in this chapter was to use AISPREAD to
compare the potential impacts of HPAI epidemics for a range of different
introduction scenarios under a basic control strategy, developed from
AUSVETPLAN guidelines (Animal Health Australia 2008a). The objective of
this study was to describe the expected duration of epidemics, number of infected
farms, number of dead/destroyed birds, the final size of the Restricted Area (RA),
the number of farms overdue to move birds to slaughter and the geographical
distribution of infected farms, for epidemics where HPAI was introduced into
different types of farms across a range of poultry production regions in Australia.
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9.2

Methods

9.2.1 Introduction scenarios
Ten epidemic scenarios were developed to investigate the implications of HPAI
incursions in different farm types and regions across Australia (Scenarios A to J,
described in Table 9-1). These were developed after consultation with
epidemiologists and poultry industry professionals. The poultry farm density in
the immediate vicinity of the selected regions ranged from low (e.g. the Perth
region of Western Australia) to high (e.g. Mornington Peninsula region of
Victoria).
Table 9-1 Descriptions of Scenarios A to J.
Name
Characteristics
of
first
exposed farm
Multi-aged duck grower
Scenario A
farm
Multi-aged chicken layer
Scenario B
combined pullet and layer
farm
Single-aged chicken meat
Scenario C
parent breeder (PB) farm
Single-aged chicken meat
Scenario D
broiler farm
Single-aged turkey grower
Scenario E
farm
Multi-aged chicken layer
Scenario F
combined pullet and layer
farm

Region

Density of farms in
first infected region a

Sydney region,
NSW

High

Sydney region,
NSW

High

Sydney region,
High
NSW
Central Coast
Moderate
region, NSW
Hunter Valley
Moderate
region, NSW
Mornington
Peninsula
High
region, Victoria
Mornington
Single-aged chicken meat
Scenario G
Peninsula
High
broiler farm
region, Victoria
Multi-aged chicken meat PB Bendigo region,
Scenario H
Moderate
farm
Victoria
Multi-aged chicken layer
Perth region,
Scenario I
combined pullet and layer
Western
Low
farm in the Perth region
Australia
Multi-aged chicken layer
Adelaide
Scenario J
combined pullet and layer
region, South
Moderate
farm
Australia
a
High density >0.05 farms per km2; moderate density 0.01 to 0.05 farms per km2; and
low density <0.01 farms per km2, using the density map displayed in Figure 4-1.
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For each scenario, a farm with the desired characteristics was selected randomly
from AISPREAD’s database. The same farm was exposed to HPAI at the start of
each model run for each scenario. Simulations where the initial farm was Empty
when exposed to HPAI were recorded, but were excluded from further analysis. In
this chapter, the term ‘simulated epidemics’ is used to describe all iterations
where the initial farm became infected, whereas the term ‘simulated incursions’ is
used to describe all iterations for a particular scenario, regardless of whether
HPAI became established. As for previous studies, each simulation was run until
infection was eradicated (i.e. there were no Latent, Infectious, Contaminated or
Non-Operational farms in the population).

9.2.2 Control strategy
The BCS has been developed to represent the preferred stamping-out control
strategy as documented in AUSVETPLAN, involving:
o the passive reporting of infection to authorities;
o the quarantine of suspected premises (SPs), known Infected Premises
(IPs), and designated dangerous contact premises (DCPs);
o delineating RA and Control Area (CA) zones around IPs and DCPs;
o implementing movement restrictions within RA and CA zones;
o active surveillance of farms in the RA and CA zones by dead bird
collection;
o active surveillance of SP and DCPs by visits by surveillance teams;
o the tracing of dangerous contacts from IPs; and
o the culling of IPs and the subsequent disposal, decontamination and
disinfection of farms.
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The assumptions used for the BCS are similar to those presented in Section 5.3,
except that the sensitivity of surveillance visits, dead bird collections and tracing
were assumed to be 0.95, because these parameters were shown in sensitivity
analysis to affect the spatial transmission of HPAI (Section 8.6 and 8.8). All other
model parameters were set to base levels (see Appendix 3).

9.2.3 Model outputs
One thousand iterations were conducted for each introduction scenario. For each
run of the model, the number of infected farms, the time until an outbreak was
eradicated, the number of poultry dead from HPAI or culled due to control
measures, and the maximum size of the RA were recorded to illustrate the impact
of simulated epidemics. The number of farms with birds overdue to be moved to
slaughter was also recorded to give an indication of the indirect effects of
movement restrictions on other farms in the RA. Epidemics where HPAI was not
detected because infected farms were depopulated before the incubation period
had elapsed were also recorded.

The distributions of model output parameters were summarised as the median and
95% probability intervals (PI). In particular, medians and the upper bounds of
95% PIs (97.5% percentiles) have been used to demonstrate the likely and
extreme consequences of epidemics, respectively. The geographical extent of
infection of each introduction scenario under the BCS was illustrated using a map
of Australia divided into 25 by 25 kilometre grid cells containing one or more
poultry farms. Each of these grid cells is referred to here as a ‘poultry production
region’. Thematic maps were then created using MapInfo (Pitney Bowes
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MapInfo, Troy, NY, USA) to show the percent of simulated epidemics in which at
least one farm in each grid square became infected.

9.3

Results

Table 9-2 presents the median and 95% probability intervals of model outputs for
Scenarios A to J under the basic control strategy. In 13.1 to 22.8% of cases where
the initially exposed farm was single-aged (Scenarios C, D, E and G), the initial
farm was Empty and infection did not establish. For these scenarios, established
epidemics were not detected in 2.4 to 6.6% of cases because the initially infected
farm had been routinely depopulated before the reporting was assumed to occur.

In the median case, the duration of epidemics ranged between 11 and 20 days for
all scenarios except Scenario G, where the median epidemic duration was 49 days.
However, 97.5th percentile was over eight weeks for Scenarios A, B, C, D and G
(ranging between 65 and 87 days). Under Scenarios D and G, the median number
of infected farms was three and 41 farms, respectively. For all other scenarios the
median number of infected farms was one, indicating that no secondary spread
occurred in the median case. However, in the 97.5th most extreme case over 30
farms became infected in Scenarios A, B, C, D, E and G.

Median numbers of dead and destroyed birds were 129,000, 175,000 and
2,146,000 birds for Scenarios D, H and G, but ranged between 1000 and 60,000
for all other scenarios. The number of dead and destroyed birds was over
1,000,000 for Scenarios A, B, C, D, E and G.
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The median final size of the RA was 28 km2 for all scenarios apart from Scenarios
D and G where they were 56 and 720 km2, respectively. In the 97.5th most
extreme case, the RA was over 1000 km2 for Scenarios A, C, D and G.

Median numbers of farms in the RA overdue to move birds to slaughter were
limited for all scenarios (ranging from 0 to 3) apart from Scenario G where it was
43 farms. However, in the 97.5th most extreme cases the number of overdue farms
ranged between 14 and 79 for Scenarios A, B, C, D, E and G.

Figures 9-1 to 9-10 illustrate the spatial extent of HPAI transmission for simulated
epidemics for Scenarios A to J. Under Scenario A, infection spread from the first
infected region in 17.5% of model runs. A combined total of 86 different poultry
production regions became infected over all iterations (Figure 9-1). Of these, 35
were within 200 kilometres of the initially infected farm, including the Sydney
region, Southern Highlands and Central Coast of NSW. These regions were
infected in up to 13.6% of model runs. Other infected regions, located throughout
NSW, Victoria and South Australia, were infected in less than 1.4% of runs.
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Table 9-2 Results of model outputs for Scenarios A to J, under the basic control strategy.

Scenario

Description of initially Runs where Epidemics
Time
until Number of Number
of Final size of Number of farms
infected farm
initial farm where infection epidemic
infected
dead/destroyed birds Restricted
overdue to move
Empty a
not detected
eradicated
farms
(1000 birds)
Area (km2)b
birds to slaughter
(days)

Median (95% probability interval)
A
B

C

D

E

F

G

H

I

J

Multi-aged duck grower
farm, Sydney, NSW
Multi-aged combined
pullet and layer farm,
Sydney, NSW
Single-aged chicken
meat PB farm, Sydney,
NSW
Single-aged chicken
meat broiler farm,
Central Coast, NSW
Single-aged turkey
grower farm, Hunter
Valley, NSW
Multi-aged pullet and
layer farm, Mornington
Peninsula, Victoria
Single-aged chicken
meat broiler farm,
Mornington Peninsula,
Victoria
Multi-aged chicken
meat PB farm, Bendigo,
Victoria
Multi-aged combined
pullet and layer farm,
Perth, WA
Multi-aged combined
pullet and layer farm,
Adelaide, SA

0%

0%

16 (15 to 75)

1 (1 to 76)

40 (32 to 4094)

28 (28 to 1190)

1 (0 to 74)

0%

0%

11 (9 to 65)

1 (1 to 42)

20 (18 to 2136)

28 (28 to 746)

1 (0 to 59)

13.1%

2.4%

20 (18 to 80)

1 (1 to 69)

60 (60 to 4159)

28 (28 to 1081)

1 (0 to 76)

22.8%

6.6%

18 (10 to 84)

3 (1 to 76)

129 (0 to 4429)

56 (0 to 1150)

3 (0 to 79)

14.6%

4.9%

11 (10 to 36)

1 (1 to 33)

30 (0 to 1115)

28 (0 to 656)

0 (0 to 14)

0%

0%

14 (13 to 25)

1 (1 to 4)

20 (18 to 121)

28 (28 to 111)

0 (0 to 4)

22.6%

2.5%

49 (12 to 87)

41 (1 to
120)

2146 (14 to 7869)

720 (28 to
1759)

43 (0 to 76)

0%

0%

18 (17 to 25)

1 (1 to 3)

175 (140 to 381)

28 (28 to 66)

0 (0 to 2)

0%

0%

13 (11 to 30)

1 (1 to 5)

8 (7 to 233)

28 (28 to 126)

0 (0 to 2)

0%

0%

12 (11 to 21)

1 (1 to 3)

1 (1 to 129)

28 (28 to 83)

0 (0 to 1)
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Figure 9-1 Map of infected poultry producing areas in Scenario A. Colours illustrate the percent of simulated epidemics in which each region
became infected. No regions in Western Australia, the Northern Territory, north Queensland or Tasmania (not illustrated on the map)
became infected.
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In Scenario B, 35.6% of simulated epidemics, infection spread beyond the initially
infected region. In total, 79 other regions became infected across all simulated
epidemics (Figure 9-2). Thirty three of these were within 200 kilometres of the
initially infected farm. These regions became infected in up to 14.5% of model
runs. The remaining regions, located in NSW, Victoria and South Australia, were
infected in up to 2% of simulated epidemics.

Infection spread beyond the initially infected region in 25.3% of iterations in
Scenario C. Sixty five other regions were infected in total, 31 of which were
located within 200 kilometres of the first infected farm. These regions were
infected in up to 17.5% of model runs. The remaining infected regions were
located in NSW, Victoria, South Australia and Western Australia and were
infected in 1.6% of iterations (Figure 9-3).

In Scenario D, infection spread beyond the first infected region in 62.2% of
iterations. A total of 90 different regions other than the first infected region
became infected in all simulated epidemics. Twenty five of these regions were
within 200 kilometres of the initially infected farm, and these regions were
infected in up to 52.7% of iterations. The remaining regions that were over 200
kilometres from the first infected farm, located in NSW, Victoria, South Australia,
Queensland and Western Australia were infected in up to 6.1% of iterations
(Figure 9-4).
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Figure 9-2 Map of infected poultry producing areas in Scenario B. Colours illustrate the percent of simulated epidemics in which each region
became infected. No regions in Western Australia, the Northern Territory, north Queensland or Tasmania (not illustrated on the map)
became infected.
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Figure 9-3 Map of infected poultry producing areas in Scenario C. Colours illustrate the percent of simulated epidemics in which each region
became infected. One area in the vicinity of Perth (infected in 0.1% of simulated epidemics) is not illustrated. No other regions in the Northern
Territory, north Queensland or Tasmania (not illustrated on the map) became infected.
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Figure 9-4 Map of infected poultry producing areas in Scenario D. Colours illustrate the percent of simulated epidemics in which each region
became infected. One area in the vicinity of Perth (infected in 0.1% of simulated epidemics) is not illustrated. No other regions in the Northern
Territory, north Queensland or Tasmania (not illustrated on the map) became infected.
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Infection spread from the initially infected region in 23.3% of simulated
epidemics in Scenario E. A total of 52 regions, other than the initially affected
region, were infected across all simulated epidemics for Scenario E. Twenty four
secondarily infected regions were located within 200 kilometres of the initially
infected farm and were infected in less than 13.6% of model runs (Figure 9-5).
The remaining regions in NSW, Victoria and South Australia were infected in less
than 0.7% of simulated epidemics.

In 13.0% of simulated epidemics infection spread beyond the initially infected
region under Scenario F. In total, 55 areas other than the initially infected region
were infected; all of these were located in Victoria. Forty nine regions were within
200 kilometres of the initially infected farm, which were infected in less than
2.2% of simulated epidemics. All other regions were infected in less than 0.5% of
simulated epidemics.

Infection spread beyond the initially infected region in 77.9% of simulated
epidemics. A total of 134 regions (apart from the first infected region) became
infected. Thirty three regions were located within 200 kilometres of the initially
infected farm. These regions were infected in up to 69.8% of simulated epidemics.
One hundred and two infected regions were over 200 kilometres from the initially
infected farm. These regions were located in Victoria, South Australia, NSW and
Queensland. Of these, all were infected in less than 8.7% of iterations apart from
one region in northern Victoria which was infected in 30.1% of iterations.
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Figure 9-5 Map of infected poultry producing areas in Scenario E. Colours illustrate the percent of simulated epidemics in which each region
became infected. No regions in Western Australia, the Northern Territory, north Queensland or Tasmania (not illustrated on the map)
became infected.

280

Figure 9-6 Map of infected poultry producing areas in Scenario F. Colours illustrate the percent of simulated epidemics in which each region
became infected. No regions in Western Australia, the Northern Territory, north Queensland or Tasmania (not illustrated on the map)
became infected.
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Figure 9-7 Map of infected poultry producing areas in Scenario G. Colours illustrate the percent of simulated epidemics in which each region
became infected. No regions in Western Australia, the Northern Territory, north Queensland or Tasmania (not illustrated on the map)
became infected.
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In Scenario H, HPAI spread beyond the initially infected region in 9.8% of model
runs. Of the 31 secondarily infected regions, 24 were within 200 kilometres of the
initially infected farm. These nearby regions were infected in less than 4.5% of
iterations. The remaining regions were located in Victoria and NSW and were
infected in less than 0.3% of simulated epidemics (Figure 9-8).

In 30.1% of iterations HPAI spread to farms outside the first infected region in
Scenario I; however, secondary spread outside the initially infected region was
limited to 19 other regions within 200 kilometres of Perth. These 19 regions
became infected in up to 12.4% of simulated epidemics. Two other more distant
regions, surrounding Geraldton to the north of Perth, and near Albany (southeast
of Perth), became infected in 1.1% of epidemics (Figure 9-9).

In 9.3% of iterations, HPAI spread to farms outside the initially infected region
for Scenario J. All 22 secondarily infected regions were within 200 kilometres of
the initially infected farm. These were infected in up to 4.6% of iterations.
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Figure 9-8 Map of infected poultry producing areas in Scenario H. Colours illustrate the percent of simulated epidemics in which each region
became infected. No regions in Western Australia, the Northern Territory, north Queensland or Tasmania (not illustrated on the map)
became infected.
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Figure 9-9 Map of infected poultry producing areas in Scenario I. Colours illustrate the percent of simulated epidemics in which each region
became infected. No regions in northern Western Australia, South Australia, the Northern Territory, Queensland, New South Wales, the
Australian Capital Territory, Victoria or Tasmania (not illustrated on the map) became infected.
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Figure 9-10 Map of infected poultry producing areas in Scenario J. Colours illustrate the percent of simulated epidemics in which each region
became infected. No regions in Western Australia, the Northern Territory, north Queensland or Tasmania (not illustrated on the map)
became infected.
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9.4

Discussion and conclusions

The magnitude and duration of HPAI epidemics were relatively limited for most
scenarios presented in this chapter. Indeed, in the median case no secondary
spread occurred in Scenarios A to C, E, F and H to J. In most cases, under these
scenarios HPAI would be eradicated in less than three weeks, resulting in less
than 200,000 birds dying from infection or being destroyed. A small RA would be
put in place (28 km2), resulting in a very limited number of farms being overdue
to move birds to slaughter (between 0 and 1 farm).

Secondary spread was predicted in the median case for two scenarios (Scenarios
D and G). Both of these involved broiler farms in moderate to high density
poultry production regions (the Central Coast and the Mornington Peninsula,
respectively). The impacts of HPAI epidemics for Scenario D were moderate, and
in the median case HPAI would be eradicated within three weeks after infecting
three farms. However, more extreme impacts would be expected if HPAI was
introduced into a broiler farm on the Mornington Peninsula (Scenario G), with 41
farms becoming infected in the median case and over 2,000,000 birds dying from
infection or being destroyed. It would take over seven weeks to eradicate HPAI
under the median case. Importantly, this would lead to a RA of over 700 km2 in
the median case, and movement restrictions would cause a median of 43 farms in
the RA to be overdue to move birds to slaughter. This indicates that the BCS may
not be appropriate for areas like the Mornington Peninsula which have high
densities of broiler farms and can be vulnerable to animal welfare problems if
birds cannot be moved to slaughter.
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The findings that broiler farms on the Mornington Peninsula of Victoria, and to a
lesser extent the Central Coast of NSW, may be more likely to transmit infection
to other farms can be explained by several factors. These include the high
frequency of visits by service providers, the lower level of biosecurity assumed
for this farm type (compared with breeding farms) and the extensive contact
networks of service providers, particularly in the Mornington Peninsula. This
conclusion is not surprising because poultry producers in both of these regions
have experienced large epidemics of infectious disease over the past decade. In
1998 and 1999 an epidemic of virulent Newcastle disease (vND) led to the
infection of nine commercial farms and the culling of a total of 32 commercial
farms at Mangrove Mountain on the Central Coast of NSW (Animal Health
Australia 1999) and in 2007 an epidemic of infectious laryngotracheitis (ILT)
caused widespread infection of chicken meat broiler and chicken egg layer farms
in Victoria, particularly in the Mornington Peninsula (R. Paskin, pers. comm.,
November 2009). These observations indicate that these areas may indeed be
more vulnerable to extensive transmission of infectious diseases between poultry
farms. However, results presented in this chapter are not directly comparable
because of differences in the epidemiology and management of vND and ILT
compared with HPAI.

All of the incursions involving farms in the Sydney region and the Central Coast
of NSW studied here (Scenarios A to D) had major impacts in the most extreme
cases. Indeed in the 97.5% most extreme cases, simulations forecast that there
would be between 42 and 76 infected farms, and it would take in the order of 2 to
3 months to eradicate HPAI. Implementation of the BCS for these larger
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epidemics would lead to between 59 and 79 farms being overdue to move birds to
slaughter. In extreme cases, very large epidemics were also forecast for scenarios
involving the introduction of HPAI into a turkey grower farm in the Hunter
Valley, NSW (Scenario E), but movement restrictions would affect fewer farms.
Scenarios F and H to J led to very limited secondary spread, even in the 97.5%
most extreme case.

The predicted spatial extent of infection reflects the underlying complexity of the
indirect contact networks within and between poultry farms, integrators and
industries. In the scenarios studied here, HPAI was not transmitted beyond the
initially infected 25 by 25 km2 grid cell in most cases, apart from Scenarios D and
G. Nevertheless, as shown in Figure 9-1, the spatial dissemination of infection can
be very dispersed, with transmission occurring between regions and across
state/territory boundaries in a small proportion of cases. This reflects the
underlying complexity of direct and indirect contacts within and between the
Australian poultry industries.

These simulations indicate that short distance transmission to regions within 200
kilometres of the initially infected farm was more likely than transmission to
regions over 200 kilometres away. However, several broad patterns of long
distance transmission were noted. Epidemics that infected farms in Sydney often
led to infection on the Central Coast of NSW and vice versa. Less commonly,
HPAI spread from Sydney to Victoria and South Australia, and HPAI was
transmitted from NSW to Western Australia very rarely. Epidemics on the
Mornington Peninsula often led to the transmission of infection to regions
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surrounding Melbourne and Geelong and parts of northern Victoria. Epidemics in
the vicinity of Bendigo led to the transmission of infection to regions in Victoria,
but in a small proportion of cases, regions in NSW also became infected.
Epidemics in the Adelaide region of South Australia and the Perth region of
Western Australia resulted in the limited dissemination of infection, to a small
number of regions within the same state/territory jurisdiction.

The dynamics of single-aged farms, and in particular chicken meat broiler farms,
also provided important protective effects. As mentioned earlier, a high proportion
of simulated incursions in these farms did not result in infection as the farms were
Empty when exposed to infection. The routine depopulation of single-aged farms
resulted in a small proportion (2.4 to 6.6%) of simulated epidemics ‘dying out’
before infection was detected. This is of concern because slaughtering infectious
poultry could result in processing plant workers unknowingly being exposed to a
potential zoonosis.

In conclusion, the results of these studies indicate that HPAI transmission between
farms may vary between different poultry farm types and production regions.
Incursions into broiler farms in areas where there are extensive indirect contacts
tended to result in larger epidemics. The BCS proved to be a very effective
strategy to eradicate infection in most cases; however, it is recognised that under
certain circumstances other strategies (such as implementing larger RA and CA
zones, emergency vaccination and/or the process slaughter of broilers and grower
ducks and turkeys) might be more effective. Studies conducted to investigate the
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potential advantages and disadvantages of different control strategies under
different circumstances are presented in Chapter 10.
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Chapter 10. The effectiveness of emergency
vaccination and other control measures for HPAI

10.1 Introduction
Results from the simulations presented in the previous chapter indicate that a
basic stamping-out strategy would be adequate to contain the secondary spread of
highly pathogenic avian influenza (HPAI) from an infected farm in most of the
epidemic scenarios studied. In such situations, it is unlikely that the use of
additional disease control strategies, such as implementing larger disease control
zones, pre-emptive culling, process slaughter and/or emergency vaccination
would provide additional advantage in the control and eradication of HPAI.
However, these strategies could be beneficial in cases where HPAI is, or is likely
to become, widespread. Indeed, results from Chapter 9 showed that such a
situation might occur if HPAI were to be introduced into a chicken meat broiler
farm on the Mornington Peninsula, Victoria (Scenario G).

The primary objective of the study presented in this chapter was to investigate
whether several alternative control strategies would reduce the number of infected
farms, epidemic duration, the number of dead/destroyed poultry and the number
of farms overdue to move birds to slaughter, when compared with a basic
stamping-out control policy (the baseline control strategy, or BCS) if HPAI were
introduced into a single chicken meat broiler farm in the Mornington Peninsula.
The alternative control strategies investigated in this study involved larger disease
control zones, pre-emptive ring culling, the process slaughter of farms in
Restricted Area (RAs), or emergency vaccination. Because emergency
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vaccination for HPAI has not been used under Australian conditions, estimates of
the number of doses of vaccine, number of farms vaccinated and time required to
implement each vaccination strategy were recorded to provide information for
policy development.

10.2 Methods
10.2.1

Introduction scenarios

The introduction scenario used for this chapter assumed that HPAI was introduced
into a single chicken meat broiler farm on the Mornington Peninsula. One farm
was selected randomly from the database and the same farm was exposed to
infection at the start of each simulated epidemic. This scenario was developed
because previous simulations indicated that larger epidemics would be expected if
HPAI was introduced into a broiler farm in this region (Scenario G, Chapter 9).
The rationale for this was that if alternative strategies showed no tangible benefit
in controlling severe epidemics, then it would be unlikely that they would be
useful in situations where secondary spread between farms was more limited. The
farm that was selected to be initially exposed to infection in these studies was
different from the one used for Scenario G in Chapter 9. This allowed inferences
to be made about the differences in the production characteristics of these two
farms on model outputs.

10.2.2

Mitigation strategies

Seven different combinations of mitigation strategies were used in this study
(Table 10-1). These included a baseline control strategy (BCS), an expanded
zones control strategy (EZCS), a pre-emptive culling strategy (PECS), two
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strategies where production birds would be process slaughtered within a three
kilometre (PSS3KM) and 10 kilometre (PSS10KM) buffer zone around IPs, and
two strategies where two rounds of vaccination would be conducted within
smaller (three kilometre) and larger (10 kilometre) buffer zones around IPs. As
mentioned in Section 5.3.4.11, vaccination was not implemented in broiler and
turkey and duck grower farms, and was prioritised for farms within these zones
that were furthest away from IPs. It was assumed that vaccination would
commence seven days after the first diagnosis of HPAI, that ten vaccination teams
would be available and that they each could vaccinate 15,000 birds per day. These
are described further in Table 10-1. Other production and disease parameters were
identical to those used in Chapter 9 and are presented in Appendix 3.

Table 10-1 Description of control strategies included in this study.
Radius Radius
Radius of
of RA
of CA
Vaccination vaccination
Name
(km)
(km)
included
area (km)
Comment
Baseline control
3
10
No
n/a
strategy (BCS)
Expanded zones
control strategy
10
20
No
n/a
(EZCS)
All farms in RA
Pre-emptive
scheduled for
culling strategy
3
10
No
n/a
culling. Process
(PECS)
slaughter in RA
permitted.
Process slaughter
Process slaughter
in three kilometre
3
10
No
3
in RA
zone (PSS3KM)
Process slaughter
Process slaughter
in 10 kilometre
10
20
No
10
in RA
zone (PSS10KM)
Vaccination in
Process slaughter
three kilometre
3
10
Yes
3
in RA
zone (V3KM)
Vaccination in a
Process slaughter
10 kilometre zone
10
20
Yes
10
in RA
(V10KM)
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Under the BCS, all parameters were set to their baseline values as described in
Section 9.2.2 and Appendix 3. For the EZCS, RA and Control Area (CA) buffer
zone sizes were increased to 10 and 20 kilometres, respectively. In the PECS it
was assumed that all populated farms within three kilometres of IPs were
scheduled for pre-emptive culling, and that pre-emptive culling would commence
seven days after the initial diagnosis of infection. Process slaughter of chicken
meat broiler and duck and turkey grower farms was also permitted in the RA,
provided these farms were tested negative for HPAI on the day prior to slaughter.
The effectiveness of the process slaughter strategy alone was tested by two
scenarios, PSS3KM and PSS10KM, where the radius of the RA was set to three
kilometres and 10 kilometres, respectively.

Although poultry flocks may gain some protection from HPAI after a single
vaccination (as discussed Chapter 7), one dose may not provide full long-lasting
protection in all classes of birds (Section 2.4.7). Hence strategies involving two
doses of vaccine were studied. Partial immunity after the first round of
vaccination was incorporated into the model by assuming that the susceptibility,
infectivity, probability of reporting and incubation periods of farms were altered
14 days after the first round of vaccination was completed. Full immunity after the
second dose of vaccine occurred 14 days after the second round of vaccination
was completed. These parameters were estimated assuming that the probability
that individual birds would respond adequately to vaccination was 0.8, or that the
expected level of flock immunity was 80% after vaccination (Ellis et al. 2004b;
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FAO 2006). This assumption about effectiveness of vaccination was tested in a
sensitivity analysis, described in Section 10.2.3.

It is questionable whether vaccination would be useful for broiler chickens,
grower ducks and grower turkeys, which may live for only a few weeks after full
vaccine-derived immunity is achieved. Therefore, it was assumed that strategies
involving emergency vaccination would target farms with longer lived poultry
only (i.e. chicken layer, combined layer and pullet, pullet, parent breeder,
grandparent

breeder

and

great-grandparent

breeder

farms).

Because

AUSVETPLAN is not prescriptive about the size of vaccination buffer zones, it
was assumed that vaccination would be conducted on these types of farms within
a three and a 10 kilometre radius of Infected Premises (IPs) for the V3KM and
V10KM strategies, respectively. Further, it was assumed that production birds
within the vaccination zones would be process slaughtered. To account for the
delays in obtaining an appropriate vaccine and having vaccination crews
available, it was assumed that in all vaccination strategies, vaccination
commenced seven days after the initial diagnosis of HPAI (Section 5.3.4.11).

It is important to note that vaccination was not implemented under these strategies
if there were no eligible properties in the RA. Thus the results of the number of
vaccine doses used, farms vaccinated and time to complete the vaccination only
include iterations where vaccination actually occurred.

10.2.3

Sensitivity analysis

It was considered that the PECS was likely to be sensitive to the number of farms
on which culling, disinfection and decontamination can occur at one time, so a
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scenario was developed where this parameter was increased threefold from 6 to 18
per day. This strategy is referred to as PECS18.

The vaccination parameters used in this study were derived from results of the
within-farm model presented in Chapter 7, where it was assumed that the
probability of an individual bird responding adequately to vaccination (pv) was
0.8. This assumption is uncertain. Because preliminary results indicated that
vaccination in 3 or 10 kilometre zones around IPs were only moderately effective
in reducing the duration of epidemics, number of infected farms and the number
of birds dead/destroyed as a consequence of infection, two additional sensitivity
analysis scenarios were developed using the more favourable assumption that pv
was 0.9. These parameters can be found in Appendix 3, Table A3-12. These
scenarios, referred to here as V3KM90% and V10KM90%, assumed that
vaccination would occur in 3 and 10 kilometre buffer zones around IPs,
respectively.

10.2.4

Model outputs

One thousand iterations were conducted for each mitigation strategy. As for
previous studies, iterations where HPAI did not establish (i.e. where the index
farm was Empty when exposed to infection) were excluded from further analysis.
Because the objective of this study was to compare different control strategies,
epidemics where infection was not detected were also excluded from analysis.
The number of discarded iterations for each mitigation strategy ranged between
21.6 and 26.7% (Table 10-2). The eradication time, number of infected farms,
number of dead/destroyed birds, the maximum size of the RA and the number of
farms overdue to move birds to slaughter were recorded for all iterations. For
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strategies involving vaccination (i.e. V3KM and V10KM), the number of doses of
vaccine used, number of farms where two rounds of vaccination had been
completed and the time until two rounds of vaccination were completed on all
targeted farms was recorded.

Table 10-2 Proportion of iterations where HPAI did not become
established and where infection not reported for all control strategies.
Control strategy
Infection did not establish Infection not detected
BCS

21.9%

1.6%

EZCS
PECS
PSS3KM
PSS10KM
V3KM

21.8%
21.5%
19.1%
22.2%
21.7%

2.8%
2.3%
2.5%
2.8%
2.2%

V10KM

22.4%

2.2%

PECS18

22.5%

2.6%

V3KM90%

21.6%

1.7%

V10KM90%
24.0%
2.7%
Abbreviations: BCS: baseline control strategy; EZCS: expanded zone control
strategy, PECS: pre-emptive culling strategy; PSS3KM: process slaughter
strategy within a three kilometre zone; PSS10KM process slaughter strategy
within a 10 kilometre zone; V3KM: vaccination strategy within a three
kilometre zone; V10KM: vaccination strategy within a 10 kilometre zone;
PECS18: pre-emptive culling with the number of culling teams increased to
18; V3KM90%: vaccination in a three kilometre zone with the expected level
of flock immunity increased to 90%; and V10KM90%: vaccination in a 10
kilometre zone with the expected level of flock immunity increased to 90%.

10.2.5

Statistical analysis

Medians and 95% probability intervals (PI) were used to describe the distributions
of the number of infected farms, epidemic duration, the number of dead/destroyed
birds, the final size of the RA and the number of farms overdue to move birds to
slaughter for each control strategy. A priori the number of infected farms and the
epidemic duration were considered the most important outputs for analysis. The
distributions of these outputs for the six alternative strategies (i.e. the EZCS,
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PECS, PSS3KM, PSS10KM, V3KM and V10KM) were compared with the BCS.
Statistical analysis of sensitivity analysis scenarios was conducted by comparing
the outputs of the V3KM90% strategy with the V3KM strategy; the V10KM90%
strategy with the V10KM strategy; and the PECS18 strategy with the PECS
strategy.

The distributions of these outputs were inspected for normality using histograms
and QQ plots. Results could not be assumed to be normally distributed, so a twosided Wilcoxon-Mann-Whitney test was used to compare results between
strategies. All statistical analysis was conducted using R 2.10.0 (R Development
Core Team, Vienna, Austria). For the comparison between alternative strategies,
the level of statistical significance was reduced from 0.05 to 0.008 to account for
six comparisons using a Bonferroni adjustment. For the sensitivity analysis
studies, the level of statistical significance was 0.05.

10.3 Results
10.3.1

Comparison of mitigation strategies

The duration of epidemics, the number of infected farms, the number of
dead/destroyed poultry, the final size of the RA and the number of farms overdue
to move birds to slaughter are presented for the BCS and alternative control
strategies in Table 10-3. Median epidemic duration and number of infected farms
were similar between the seven mitigation strategies, ranging between 22 and 24
days and 4 to 6 farms, respectively. However, the distributions of these outputs for
the strategies with larger RA and CA buffer zones (i.e. EZCS, PSS10KM and
V10KM strategies) were less right skewed than the other strategies (the BCS,
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PECS, PSS3KM and V3KM). The 97.5% percentiles for the epidemic duration
and number of infected farms for the strategies with a larger RA and CA buffer
zones were associated with an 8 to 14% (7 to 12 days) and a 9 to 14% reduction
(11 to 17 farms), respectively, when compared with the BCS. The V10KM
strategy was the only strategy associated with a statistically significant decrease in
these outputs.

In the median case, all strategies apart from the PECS resulted in a similar number
of dead or destroyed birds (ranging between 247,000 and 306,000 birds). When
compared with the BCS, the number of dead or destroyed birds under the PECS
was increased by 202,000 (or 66%). However, the 97.5% upper bound of the PI
was reduced by between 203,000 and 1,323,000 birds (3 and 17%) for all
alternative strategies when compared with the BCS. The V10KM strategy was the
only one associated with a statistically significant decrease in the number of dead
and destroyed bids.

As expected, all scenarios where the RA was set to a 10 kilometre buffer around
IPs (EZCS, PSS10KM and V10KM) had large final sizes of the RA (ranging
between 820 and 927 km2 in the median case), and statistical analysis of the RA
size for these scenarios revealed significant differences compared with the BCS.
Under the PSS3KM and V3KM the median final size of the RA was comparable
to that for the BCS. However, the PECS strategy was associated with a 38%
increase in this output in the median case. The 97.5% percentiles of the EZCS,
PSS10KM and V10KM strategies were similar (ranging between 8531 and 8694
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km2). The upper bounds of the BCS, PECS, PSS3KM and V3KM were also
comparable (ranging between 1691 and 1767 km2).

The PECS, PSS3KM, PSS10KM, V3KM and V10KM strategies were associated
with statistically significant decreases in the number of farms overdue to move
birds to slaughter, with the medians ranging between 0 to 2 farms, when
compared with the BCS, where the median was five farms. Under these strategies,
the 97.5% percentile of the number of overdue farms was reduced substantially by
68 to 88% (50 to 64 farms). The EZCS led to a substantial increase in the number
of overdue farms compared with the BCS, which was also statistically significant.
In the median case, this increased by 360% (18 farms) and in the 97.5% upper
percentile this increased by 67% (or 49 farms).
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Table 10-3 Median and 95% probability intervals of model outputs for all established and reported epidemics for the BCS, EZCS, PECS,
PSS3KM, PSS10KM, V3KM and V10KM strategies.
Control
Epidemic duration Number of
Number of dead/destroyed
Final size of Restricted Number of farms overdue to
strategy
(days)
infected farms
birds (1000 birds)
Area (km2)
move birds to slaughter
Median (95% probability interval)
BCS

24 (14 to 87)

6 (1 to 119)

306 (38 to 8013)

101 (28 to 1723)

5 (0 to 73)

EZCS
23 (14 to 76)
6 (1 to 105)
274 (38 to 7066)
927 (309 to 8597)*
23 (2 to 122)*
PECS
22 (14 to 84)
6 (1 to 118)
508 (38 to 7810)
139 (28 to 1767)
0 (0 to 9)*
PSS3KM
24 (14 to 86)
6 (1 to 117)
303 (38 to 7534)
111 (28 to 1691)
0 (0 to 12)*
PSS10KM
24 (14 to 80)
5 (1 to 108)
293 (38 to 6882)
927 (309 to 8694)*
1 (0 to 22)*
V3KM
22 (14 to 84)
5 (1 to 118)
255 (38 to 7743)
87 (28 to 1717)
0 (0 to 12)*
V10KM
22 (14 to 75)*
4 (1 to 101)*
247 (38 to 6665)*
820 (309 to 8531)*
2 (0 to 23)*
* p<0.008, when compared with the BCS
Abbreviations: BCS: baseline control strategy; EZCS: expanded zone control strategy, PECS: pre-emptive culling strategy; PSS3KM: process
slaughter strategy within a three kilometre zone; PSS10KM process slaughter strategy within a 10 kilometre zone; V3KM: vaccination strategy within
a three kilometre zone; and V10KM: vaccination strategy within a 10 kilometre zone.
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10.3.2

Number of doses of vaccine required, number of

farms vaccinated and the time to complete vaccination
Under the V3KM strategy, vaccination was implemented in 51.1% of the 761
detected epidemics. The median number of doses of vaccine, vaccinated farms
and time to complete two rounds of vaccination were 1,313,000 (95% PI, 39,000
to 2,567,000 doses), 20 farms (95% PI, 1 to 35 farms) and 35 days (95% PI, 16 to
70 days), respectively. Under the V10KM strategy, vaccination was implemented
on all but one of the 754 detected epidemics. In the median case, 653,000 doses of
vaccine (95% PI, 174,000 to 4,592,000 doses) were required to vaccinate seven
farms (95% PI, 2 to 60 farms). Based on the assumptions used in this study, it
took a median of 26 days to complete two rounds of vaccination (95% PI, 18 to 66
days).

10.3.3

Sensitivity analysis

Results from sensitivity analysis studies are presented in Table 10-4. Increasing
the number of culling teams available to pre-emptively cull farms (Scenario
PECS18) was associated with a statistically significant decrease in the epidemic
duration, the number of infected farms and the number of farms overdue to move
birds to slaughter. However, these differences were only minor ─ in the median
case one day, one farm and zero farms, respectively.

When the expected level of flock immunity after vaccination was increased from
80 to 90% there were no statistically significant differences in the duration of
epidemics, number of infected farms, number of dead/destroyed birds and the
final size of the RA for both three kilometre and 10 kilometre vaccination buffer
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zones. Indeed, the median number of infected farms and dead or destroyed birds
increased by 20 to 25% (representing an increase of one infected farm in both
cases) and 2 to 7% (4000 to 18,000 birds) where the vaccinated area was 3 and 10
kilometres, respectively). Although the number of overdue farms was virtually
identical where the buffer zone was three kilometres, a statistically significant
reduction in the number of overdue farms was observed where vaccination was
conducted in a 10 kilometre buffer zone.
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Table 10-4 Median and 95% probability intervals of model outputs for the PECS, PECS18, V3KM, V3KM90%, V10KM and V10KM90%
strategies.

Control strategy

Epidemic duration
(days)

Number of
infected farms

Number of dead/destroyed
Final size of Restricted
birds (1000 birds)
Area (km2)
Median (95% probability interval)

Number of farms overdue to
move birds to slaughter

PECS

22 (14 to 84)

6 (1 to 118)

508 (38 to 7810)

139 (28 to 1767)

0 (0 to 9)

PECS18

21 (14 to 71)*

5 (1 to 113)*

342 (38 to 10,504)

101 (28 to 1932)

0 (0 to 1)*

V3KM
22 (14 to 84)
5 (1 to 118)
255 (38 to 7743)
87 (28 to 1717)
0 (0 to 12)
V3KM90%
22 (14 to 83)
6 (1 to 118)
259 (38 to 7636)
83 (28 to 1689)
0 (0 to 12)
V10KM
22 (14 to 75)
4 (1 to 101)
247 (38 to 6665)
820 (309 to 8531)
2 (0 to 23)
V10KM90%
22 (14 to 77)
5 (1 to 102)
265 (38 to 6731)
885 (309 to 8764)
1 (0 to 21)*
* p<0.05 when compared with the relevant strategy, i.e. the PECS18 strategy was compared with the PECS strategy, the V3KM90% strategy was
compared with the V3KM strategy and the V10KM90% was compared with the V10KM strategy.
Abbreviations: PECS: pre-emptive culling strategy; PECS18: pre-emptive culling with the number of culling teams increased to 18; V3KM:
vaccination strategy within a three kilometre zone with flock immunity at 80%; V10KM: vaccination strategy within a 10 kilometre zone with flock
immunity at 80%; V3KM90%: vaccination in a three kilometre zone assuming an expected flock immunity of 90%; and V10KM90%: vaccination in a
10 kilometre zone assuming an expected flock immunity of 90%.
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10.4 Discussion and conclusions
Although there was little difference in the median epidemic and number of
infected farms across all seven mitigation strategies studied here, strategies with
larger disease control zones (i.e. the EZCS, PSS10KM and V10KM) were shown
to reduce the number of infected farms by between 11 and 17 farms and by 1 to 2
weeks in the 97.5% most extreme case presented here, compared with the BCS. In
other words, they reduced the likelihood of a very large outbreak occurring. These
strategies were clearly more favourable than the BCS, PECS, PSS3KM and
V3KM strategies, which involved smaller disease control zones.

The V10KM strategy, in particular, led to a statistically significant decrease in the
eradication time, number of infected farms and number of dead/destroyed birds.
However, the magnitude and range of the distributions of these key parameters
were almost identical to those for the EZCS and the PSS10KM strategies. To test
the hypothesis that the apparent differences in model outputs were due to larger
disease control zones, rather than the use of vaccination, the set of iterations used
to assess the V10KM strategy were re-simulated without vaccination. This
ensured that the simulated epidemics were identical up until seven days after the
diagnosis of infection, and effectively meant that the PSS10KM strategy was
implemented instead of the V10KM strategy. The median and 95% probability
intervals of the number of infected farms, eradication time and the final size of the
RA were virtually identical (results not shown), and it was concluded that the
apparent benefits of the emergency vaccination in a 10 kilometre buffer zone was
due to the increased size of the disease control zones and not vaccination per se.
The reason why the V10KM strategy, but not the EZCS and PSS10KM strategies,
306

CHAPTER 10
displayed a statistically significant difference in these parameters was therefore
attributed to stochastic variation in the characteristics of the simulated epidemics
up until seven days after the first detection of HPAI. This also explains why even
under the more favourable assumption of 90% flock immunity, vaccination in a
10 kilometre buffer zone led to a minor increase in the number of infected farms
and the duration of epidemics.

Estimates of the median time to complete vaccination, the number of vaccinated
farms and number of doses of vaccine for the V10KM strategy were reduced
compared with the V3KM. This counterintuitive result was obtained because
vaccination was implemented in just over half of epidemic scenarios for the
V3KM strategy, because in the other cases there were no eligible farms within
three kilometres of IPs. This led to a tendency for vaccination to be used only in
larger epidemics where more extensive transmission had occurred. Indeed, where
vaccination was used, the median number of IPs seven days after the detection of
HPAI was 15 (95% PI, 2 to 71) compared with 1 (95% PI, 1 to 5). Because
vaccination was only used in larger epidemics for the V3KM strategy it led to
increased estimates of these outputs when compared with the V10KM strategy.
However, the more extreme scenarios are most important for resource planning
and this artefact was less apparent for the 97.5% percentile of these outputs.
Assuming that the 97.5% percentile of these outputs under the V10KM strategy is
a plausible worst case scenario, 4.6 million doses of vaccine would be required to
vaccinate over 60 farms, taking 10 vaccination teams over two months to
complete.
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Purchasing and administering AI vaccine under Australian conditions would be
relatively expensive. Estimates in 2007 indicated that purchasing and
administering vaccination for HPAI would cost at least $AUD 0.39 per dose
under Australian conditions (G. Arzey, pers. comm., July and August 2007). This
suggests that emergency vaccination in a 10 kilometre buffer for the scenario
studied in this chapter would cost at least $AUD 1.7 million in the 97.5% most
extreme case. Monitoring the serological responses of flocks to vaccination and
implementing strategies to detect HPAI infection in vaccinated flocks based on
sentinel surveillance (or other methods) would lead to additional costs. Given the
limited benefit that emergency vaccination showed over the EZCS and
PSS10KM, it is questionable whether the costs would outweigh the benefits, at
least for this epidemic scenario.

This leaves a choice between the EZCS and the PSS10KM as the most favourable
strategy under this epidemic scenario. One major concern with the EZCS strategy
is that is does not allow the movement of broiler and duck and turkey grower
birds to slaughter in the RA, which could lead to substantial disruption to the
operations of these farms. If this is of concern to policy makers, then the
PSS10KM strategy would be favoured as it substantially reduces the number of
overdue farms in the median and 97.5% most extreme cases.

However, the implementation of a process slaughter strategy would not be without
difficulties. This study has assumed that poultry processing plants in the RA
would be able to process and store increased numbers of poultry per day, and that
these plants could heat treat meat according to AUSVETPLAN requirements
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(Animal Health Australia 2008a). Even though poultry flocks would have to be
tested negative for HPAI prior to slaughter, occupational health and safety
concerns for workers might prevent the catching and processing of poultry from
the RA. One compromise might be to cull birds on overdue broiler and duck and
turkey grower farms that experience adverse animal welfare conditions. However,
this would increase the workload for culling teams. Another disadvantage is that
producers would not be compensated for birds culled for animal welfare under the
current cost sharing agreement between industry and federal and state/territory
governments, known as the Emergency Animal Disease Response Agreement
(Anonymous 2001).

The effectiveness of pre-emptive culling in a three kilometre radius around IPs
was shown to be sensitive to the number of culling teams. Where the number of
culling teams was increased to 18 (PECS18), the duration of epidemics and
number of infected farms was reduced by a level similar to the EZCS, PSS10KM
and V10KM strategies. However, even if these resources were available, in
extreme cases this strategy led to the culling of over 10 million birds. It is
considered unlikely that such a response would be considered because of public
sensitivities surrounding the mass culling of animals.

Although the epidemic scenario presented here and Scenario G presented in
Chapter 9 both involved broiler farms in the Mornington Peninsula that were
relatively close (separated by just six kilometres), there was a major difference in
the forecast number of infected farms under similar control strategies. Under the
BCS, in the median case, there were 41 infected farms for Scenario G in Chapter
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9 compared with six farms for the introduction scenario used in this chapter under
the BCS. This difference can be partially explained by the different number of
sheds on the index farm for each scenario. Because it is assumed that culling
teams can cull one shed of birds per day, the index farm in Scenario G would have
been infectious for two days longer than the index farm used in this study. The
most important difference, however, is that both farms were managed by different
integrators and had different contact networks. The integrator of the index farm in
Scenario G operated 75% more farms in Victoria than the integrator for the index
farm in this study. As these farms were more widely distributed throughout the
state, the contact networks between this integrator’s farms were more
geographically extensive, which led to the exposure of more farms. Despite this,
the introduction scenario used in this chapter resulted in consistently larger
numbers of infected farms than 9 of the 10 epidemics presented in Chapter 9, and
does not invalidate the previous conclusion that broiler farms in the Mornington
Peninsula of Victoria appear more vulnerable to HPAI.

This study has demonstrated that mitigation strategies involving larger disease
control zones may be more effective in controlling HPAI epidemics in regions
considered most vulnerable to secondary spread of infection between farms.
Process slaughter of broiler and duck and turkey grower farms would reduce the
number of farms disrupted by movement restrictions, and did not appear to result
in larger epidemics. Given the additional cost required to implement emergency
vaccination strategies, results of this study indicate that current vaccination
technologies may offer only limited benefits compared with other strategies, at
least for moderately sized epidemics.
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Further work will be conducted in collaboration with the Australian National
Avian Influenza Vaccination Expert Advisory Group to investigate whether
vaccination might be of benefit for extremely pessimistic epidemic scenarios, for
example where there might be delays in the detection of HPAI and where there
are multiple introductions of HPAI into poultry farms in a region.
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Chapter 11. General discussion and conclusions

11.1 Introduction
This study has investigated the potential for highly pathogenic avian influenza
(HPAI) to establish and spread in the Australian poultry industries and has
evaluated the effectiveness of various control strategies. The approach has
involved a comprehensive review of the epidemiology of HPAI, a detailed
understanding of the structure and organisation of the poultry industries in
Australia, and the development of a sophisticated simulation model ─ AISPREAD
─ to study the spread and control of HPAI under different outbreak scenarios.

HPAI is an important disease of poultry. In addition to the adverse impacts on
animal welfare, HPAI has the potential to cause substantial economic losses to
poultry producers, both from dead and destroyed birds and from reduced
consumer demand for poultry products. Furthermore, avian influenza (AI) viruses
can be zoonotic and the timely eradication of infection in poultry flocks is
considered important to reduce exposure to humans.

The qualitative review of the structure and dynamics of the four major
commercial poultry industries in Australia, presented in Chapter 4, identified
several potential risk factors for HPAI transmission. These included the high
poultry farm density in several regions of Australia, and the frequent indirect
contacts between farms, integrated companies and industries by common service
providers. Protective factors, including the high proportion of single-aged farms
and high levels of biosecurity practiced on commercial farms, could also reduce
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the likelihood of secondary spread of infection. Although Australia has had five
previous outbreaks of HPAI due to H7 viruses, these were all controlled with little
or no secondary spread between farms. Recent overseas epidemics in commercial
poultry production systems (e.g. Italy, the Netherlands and Canada) have
demonstrated that under some circumstances, HPAI can cause large outbreaks in
commercial poultry with serious economic losses (Chapter 2 and Chapter 4).

Thus, the potential consequences of a large epidemic faced by the Australian
poultry sector are not well characterised. The use of modelling tools like
AISPREAD has enabled these consequences to be investigated (Chapter 3). The
findings from the modelling studies presented in Chapters 7, 9 and 10 enable
several conclusions about the likely transmission and control of HPAI within and
between Australian farms to be made. These are discussed below.

11.2 Potential transmission of HPAI within farms
A within-farm model was used to investigate the likely transmission dynamics of
HPAI in vaccinated and unvaccinated chicken meat, chicken egg layer, turkey and
duck farms (Chapter 7). These studies indicate that a 1% mortality threshold for
reporting suspected HPAI, as recommended by Animal Health Australia (Animal
Health Australia 2007b), would be likely to lead to the reporting of infection
within 1 to 2 weeks after introduction.

The results also suggest that vaccination can reduce the susceptibility of chicken
meat, chicken egg layer and turkey farms to incursions of HPAI. In the model,
two dose vaccination regimes prevented between 25 and 38% of epidemics
becoming established in chicken and turkey farms, and hence could reduce the
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overall susceptibility of chicken and turkey farms to infection. However, HPAI
became established in virtually all simulated incursions involving vaccinated duck
farms.

Results indicated that sentinel surveillance programs are likely to be beneficial for
the detection of HPAI epidemics in vaccinated chicken meat, chicken layer,
turkey and duck farms. Although sensitivity of sentinel surveillance was relatively
low for chicken and turkey farms vaccinated once or twice, only very small selflimiting epidemics occurred in cases where HPAI was not detected. Conversely,
the sensitivity of sentinel surveillance (using unvaccinated chickens) in vaccinated
duck farms was high, because vaccination failed to prevent propagating epidemics
of HPAI. Vaccination would also be expected to reduce the total viral output of
infected farms, thus reduce the likelihood of secondary spread to susceptible
farms (Section 7.4).

11.3 Potential transmission and control of HPAI between
farms
The results of simulation studies using AISPREAD in a range of farm types and
regions demonstrated that, for most incursion scenarios considered, a basic
stamping-out strategy with a three kilometre Restricted Area (RA) and a 10
kilometre Control Area (CA) around Infected Premises (IPs) is likely to be
effective in limiting the secondary spread of HPAI between farms (Chapter 9).
Even so, results indicated that indirect transmission by service providers may
disseminate HPAI to distant poultry production regions. These studies revealed
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that in some cases HPAI might be transmitted long distances to farms in other
states and territories of Australia.

Results of this study suggested that larger epidemics were likely to occur after
incursions of HPAI into chicken meat broiler farms, particularly in high farm
density regions such as the Central Coast of NSW and the Mornington Peninsula
of Victoria.

The studies presented in Chapter 10 indicated that increasing the size of RA and
CA zones may reduce the number of infected farms and the duration of epidemics
for incursions of HPAI industry sectors or regions that are more vulnerable to the
secondary spread of infection. However, larger RA zones were associated with
increased numbers of farms which were unable to move birds to slaughter due to
movement restrictions.

Alternative strategies where broiler chicken and grower duck and turkey farms in
RAs were allowed to be process slaughtered after testing negative for HPAI were
shown to limit the adverse impact of movement restrictions. For such a policy to
be implemented successfully, it would require that poultry processing plants in the
RA are able to slaughter, process and store increased numbers of poultry, and that
sufficient heat treatment facilities were available to treat carcases according to
AUSVETPLAN recommendations.

An important finding was that although the farm-level model indicated that
vaccination may reduce the transmission of HPAI within chicken meat, chicken
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layer, duck and turkey farms (Chapter 7), AISPREAD revealed that emergency
vaccination would be unlikely to offer substantial benefits to control moderately
sized epidemics when compared with other control strategies, even under
favourable assumptions about flock immunity (Chapter 10). This is because
current vaccination technologies are resource intensive and immunity takes
several weeks to develop after vaccination (Section 2.4.7). Unless future
vaccination technologies allow the rapid vaccination of poultry (through mass
delivery technologies) or result in poultry developing immunity more rapidly, it is
difficult to envisage circumstances where vaccination would be of benefit for
most epidemics under Australian conditions. This is supported by Truscott et al.
(2007), who concluded from results of similar modelling studies that localised
vaccination for HPAI was unlikely to be of benefit for emergency control in Great
Britain. Vaccination may have a role in other circumstances, such as to control
low pathogenic avian influenza (LPAI) viruses, protect rare avian species, or to
prevent multiple spillovers of LPAI or HPAI virus from wild birds into vulnerable
poultry populations, and/or to protect valuable genetic stock of poultry during an
outbreak. The latter consideration has been identified as an important issue by
certain sectors of the poultry industries.

11.4 Strengths and limitations of the within- and betweenfarm modelling approaches
When interpreting the results of modelling studies it is important that potential
users of the findings have a good understanding of the strengths and limitations of
the modelling approach used.
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The within-farm model presented in Chapter 7 was used to estimate the
transmission dynamics of HPAI between individual birds on farms. The strength
of this approach is that it is relatively simple and requires few parameters. In this
case, most transmission parameters could be estimated from experimental
transmission studies and field data of Asian-lineage H5N1 HPAI epidemics
published in the peer-reviewed literature. However, this model has yet to be
operationally validated for HPAI epidemics either in vaccinated or unvaccinated
populations, meaning that results should be interpreted with some caution.

The between-farm model developed in this project (AISPREAD) is a realistic
simulation model that was developed after extensive consultation with
government and industry poultry experts. Farms are represented individually in
the model, and farm level characteristics such as the type of birds produced, the
integrator the farm is associated with, the capacity and number of sheds on the
farm, the identity of service providers that visit the farm and the farm’s location
are included from data obtained from a series of industry surveys.

The major strength of this approach is that it captures routine production events,
such as the depopulation and restocking of single-aged farms and periodic
contacts by service providers. This has permitted the inclusion of a comprehensive
list of direct and indirect transmission pathways. A series of mitigation strategies
have also been incorporated into the model to represent the active and passive
surveillance; diagnosis; tracing; zoning; quarantine and movement restrictions;
culling, disinfection and decontamination of infected farms; pre-emptive culling;
process slaughter of chicken meat broiler and duck and turkey grower farms; and
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emergency vaccination. To enhance the model’s realism, the sensitivity of active
and passive surveillance and tracing can be reduced and limitations can be
incorporated into the model to restrict the implementation of emergency
vaccination, surveillance visits and culling due to resourcing constraints.

Sensitivity analysis studies showed that AISPREAD is relatively robust to many
uncertain parameters (Section 8.6). Additionally, AISPREAD has been
operationally validated by comparing outputs with real epidemics (Section 8.7),
and results were consistent with past epidemics of HPAI within Australia and
overseas.

Although it has a high conceptual validity and performed well in operational
validation studies, it is a relatively complex model and requires a large number of
parameters to represent the transmission of HPAI. Where possible these values
were based on published literature. Despite Australia’s past experience of HPAI
epidemics, limited secondary spread of this pathogen has made it impossible to
estimate transmission parameters from Australian epidemics (Chapter 4). There is
also limited information from overseas outbreaks. As no estimates of indirect
transmission parameters for between-farm spread were available from empirical
studies, expert opinion was used as a substitute (Chapter 6). Originally it was
proposed that these parameters could have been estimated from data from the
1997/98 epidemic of virulent Newcastle disease (vND) at Mangrove Mountain on
the Central Coast of NSW, but unfortunately appropriate spatio-temporal data
were not available. In the future, if such information were to become available
from tracing studies of epidemics of HPAI or other acute viral diseases in modern
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poultry production industries, this could be used to check the validity of these
parameter estimates.

One reason why low response rates were obtained from certain industry sectors in
the 2005 and 2007 surveys may be because of poultry producers' lack of trust in
government services. Since the surveys were conducted, the Australian
Government Department of Agriculture, Fisheries and Forestry (DAFF) has
worked to develop good level of cooperation with peak industry bodies and state
government veterinary services, particularly since the inception of the annual
Government Poultry Industry Forum meeting after 2007 (S. Turner pers. comm.
July 2011). Although no studies have been conducted to investigate perceptions of
poultry producers on government veterinary services, a study of sheep and cattle
producers in Western Australia revealed a low level of trust in government
veterinary services and other government bodies in general (Palmer et al. 2009).
Although the demographics of poultry producers may differ, anecdotal comments
from industry groups during the period of this project revealed concerns about the
management of vND outbreaks since 1997, particularly surrounding the negative
impacts of pre-emptive culling and movement restrictions on producers during the
Mangrove Mountain outbreak.

One way DAFF can gain poultry producers’ trust is by demonstrating that
government programs and research produce useful outcomes. Since this thesis
was submitted, AISPREAD has been used in an economic study commissioned by
the National Avian Influenza Vaccination Expert Advisory Group to investigate
the potential benefits of emergency vaccination to control and eradicate HPAI. In
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part, this has led to the group reporting to Animal Health Committee (a group of
Australian animal health policy makers, including state/territory and federal chief
veterinary officers) that under most situations, vaccination is unlikely to be a
useful or cost effective option to control HPAI. Further work, in collaboration
with industry groups, will investigate the potential impacts of movement
restrictions on broiler welfare, with a view to inform future policy development.

11.5 Recommendations for policy development
The major objective of this study was to identify implications for Australia’s
HPAI preparedness and contingency plans. The following issues have been
identified:

(1) A basic stamping-out policy, where RA and CA zones are implemented
within a three kilometre and a 10 kilometre radius around IPs,
respectively, appears to be effective in eradicating most HPAI epidemics.

(2) In epidemics in regions or industry sectors which are considered more
vulnerable to the secondary spread of infection, in particular the
Mornington Peninsula of Victoria, increasing the size of RA and CA zones
to 10 kilometres and 20 kilometres around IPs is likely to be of benefit.

(3) Because of the short lifespan of chicken meat broilers and grower ducks
and turkeys, it is recommended that policy makers consider developing
mitigation strategies to limit the impacts of movement restrictions on these
types of farms. Alternatives to avoid large numbers of poultry being
overdue for slaughter might include process slaughter strategies, where
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poultry are permitted to move to slaughter after the farm is tested negative
for HPAI, or the culling of overdue farms.

(4) A review of the throughput of commercial poultry processing plants in
Australia is recommended to ensure that the process slaughter of broiler
chickens and grower turkeys and ducks is feasible, particularly in areas
such as the Central Coast, the Sydney region and the Mornington
Peninsula that have high densities of broiler chickens. It is also
recommended that a review of heat treatment facilities in these regions
should be conducted to verify that large volumes of meat from farms in
RAs could be treated according to AUSVETPLAN guidelines.

(5) Sensitivity analysis studies indicated that AISPREAD was moderately
sensitive to assumptions surrounding the reporting periods of farms.
Although awareness levels of HPAI amongst veterinarians and producers
are currently high, awareness campaigns should continue to ensure that
HPAI incursions are reported in a timely manner.

(6) Although this study found that, under most circumstances, emergency
vaccination is unlikely to offer substantial benefits for containing HPAI,
should government and industry wish to retain an emergency vaccination
as a contingency, 4.6 million doses of H5 and H7 AI vaccine might be
required within two months to manage an incursion in a high poultry
density region.
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11.6 Recommendations for further research
Several areas of further research have been identified during this project. These
include:

(1) AISPREAD is a valuable tool that has been used in this study to address a
range of issues. As new information becomes available and new issues are
identified, it is recommended that AISPREAD be adapted and continue to
be used to assist policy development. One current concern is that there are
limited H7 AI vaccines available commercially, and Australian
governments and poultry industries currently face a decision whether to
stockpile H7 AI vaccine for emergency use (G. Garner, pers. comm., June
2010). Further work has been conducted using AISPREAD, in
collaboration with the National Avian Influenza Vaccination Expert
Advisory Group, to investigate whether emergency vaccination may be of
benefit in more severe outbreak situations.

(2) AISPREAD could also be adapted to conduct benefit cost analysis of
different mitigation strategies. Indeed, preliminary work has been
conducted to estimate the values of different types and classes of poultry
and the cost of administering vaccine, culling poultry and undertaking
laboratory tests (Hamilton, unpublished data). This would provide further
guidance to policy makers.

(3) With minor modifications, AISPREAD could be used to study the
transmission and control of other important infectious poultry diseases
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such as LPAI, vND, infectious laryngotracheitis, Campylobacter and
Salmonella. Several of the approaches used for AISPREAD, including the
production module and the approach used to simulate the indirect
transmission of infection, might also be useful to model exotic diseases
such as classical swine fever or foot-and-mouth disease in intensive
industries like the pig industry.

(4) Although AISPREAD has been developed from data collected from
surveys of the chicken meat, duck and turkey industries in 2005 and the
chicken layer industry in 2007, these data are becoming dated and it is
recommended that repeat surveys of these industries be conducted
periodically to ensure that AISPREAD continues to represent the
structures and dynamics associated with the Australian poultry industries
in a realistic manner.

(5) If time series data are available from real HPAI epidemics in vaccinated
and unvaccinated farms, then operational validation studies of the withinfarm model would allow stronger conclusions to be drawn from its results.

11.7 Conclusions
AISPREAD is a realistic simulation model that captures the potential spatial and
temporal spread of HPAI between commercial Australian poultry farms.
Operational validation confirms that it simulates the transmission of HPAI
between farms in a realistic manner. In this thesis, it has been used to investigate
the consequences of different introduction scenarios and the implications of
different control strategies. These studies have shown that the current structure
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and dynamics of the commercial Australian poultry industries make them
relatively resilient to incursions of HPAI. In most cases, only limited or no
secondary spread between farms was seen, which is consistent with Australia’s
previous experience with HPAI. Larger epidemics were associated with incursions
of HPAI into chicken meat broiler farms in regions with a high density of poultry
farms such as the Central Coast of NSW and the Mornington Peninsula of
Victoria. Although results of the farm level model suggest that vaccination will
reduce the transmission of HPAI within farms, it was found that emergency
vaccination provided little benefit to control small to moderate epidemics when
compared with stamping-out strategies alone.
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o Parameter estimates for AISPREAD (Appendix 3);
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